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GUIDE TO THE USE OF THIS MONOGRAPH

The purpose of this monograph is to organize and present, for effective use in space vehicle devel-
opment, the significant experience and knowledge accumulated in development and operational
programs to date. It reviews and assesses current design practices, and from them establishes firm
guidance for achieving greater consistency in design, increased reliability in the end product, and
greater efficiency in the design effort. The monograph is organized into three major sections that
are preceded by a brief Introduction and complemented by a set of References.

The State of the Art, section 2, reviews and discusses the total design problem, and identifies
which design elements are involved in successful designs. It describes succinctly the current tech-
nology pertaining to these elements. When detailed information is required, the best available
references are cited. This section serves as a survey of the subject that provides background
material and prepares a proper technological base for the Design Criteria and Recommended
Practices. '

The Design Criteria, shown in section 3, state clearly and briefly what rule, guide, limitation, or
standard must be imposed on each essential design element to insure successful design. The
Design Criteria can serve effectively as a checklist for the project manager to use in guiding a
design or in assessing its adequacy. ' '

The Recommended Practices, as shown in section 4, state how to satisfy each of the criteria. When-
ever possible, the best procedure is described; when this cannot be done concisely, appropriate
references are provided. The Recommended Practices, in conjunction with the Design Criteria,
provide positive guidance to the practicing designer on how to achieve successful design.

The design criteria monograph is not intended to be a design handbook, a set of specifications, or
a design manual. It is a summary and a systematic ordering of the large and loosely organized
body of existing successful design techniques and practices. Its value and its merit should be
judged on how effectively it makes that material available to and useful to the user.



For sale by the Nationa!l Technical Information Service, Springfield, Virginia 22151 — Price $3.00



FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space vehicles.
Accordingly, criteria are being developed in the following areas of technology:

Environment
Structures

Guidance and Control
Chemical Propulsion

Individual components of this work will be issued as separate monographs as soon as they are
completed. This document, Effects of Structural Flexibility on Entry Vehicle Control Systems, is
one such monograph. All previous monographs in this series are listed at the back of this docu-
ment.

These monographs are to be regarded as guides to design and not as NASA requirements, except
as may be specified in formal project specifications. It is expected, however, that the criteria
sections of these documents, revised as experience may indicate to be desirable, eventually will
be uniformly applied to the design of NASA space vehicles.

This monograph was prepared for NASA under the cognizance of the Jet Propulsion Laboratory,
California Institute of Technology. Principal contributors were Mr. Richard B. Noll of Aerospace
Systems, Inc., and Dr. John J. Deyst, Jr., of the Massachusetts Institute of Technology. Dr. R. S.
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viduals participated in advisory panel activities:

J. S. Andrews Boeing, Houston

K. J. Cox NASA Manned Spacecraft Center

B. M. Dobrotin Jet Propulsion Laboratory

M. Dublin General Dynamics/Convair Aerospace Division, San Diego
B. M. Hall McDonnell Douglas, Western Division
F.D. Hauser Martin Marietta, Denver

P. Jaffe Jet Propulsion Laboratory

R. P. Johannes AF Flight Dynamics Laboratory

G. W. Jones NASA Langley Research Center

E. E. Kordes NASA Flight Research Center

E. L. Marsh Jet Propulsion Laboratory

S. S. Osder Sperry, Phoenix

K. G. Pratt NASA Langley Research Center

S. Winder NASA Marshall Space Flight Center

J. H. Wykes North American Rockwell, Los Angeles Division

iii



Comments concerning the technical cantent of this monoagraph will be welcomed by the National
Acronautics and Space Administration. Office of Advanced Researeh and Technology (Code RED,
Washinaton, D.C. 205346,
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EFFECTS OF STRUCTURAL FLEXIBILITY ON
ENTRY VEHICLE CONTROL SYSTEMS

1. INTRODUCTION

The flexible structure of an entry vehicle can be excited by forces acting on the vehicle, with the
resulting deformations producing flight control system inputs. To account for interaction between
the structure and control system, the flexible structure must be considered an integral part of the
control loop. Unless the effects of flexibility are appropriately assessed, effective control of
the flexible modes may not be realized, and performance degradation, excessive vehicle motion,
instability and, possibly, structural failure may result.

Entry vehicles operate over a wide range of speeds and altitudes varying from the high-velocity,
orbital altitude conditions of space flight to the low-speed, low altitude conditions experienced by
aircraft. The entry vehicle control system is designed to provide adequate response to guidance
commands in order to maintain the vehicle within a mission-oriented design entry corridor
throughout this range of operating conditions. The control system must provide a response suffi-
cient to achieve a specified terminal accuracy without causing excessive structural loading. These
loads include aerodynamic forces and moments, aerodynamically induced thermal effects, control
forces, and acceleration loads which result in deformations of the structure. Entry vehicle control
system design is accomplished by incorporating the structural model in the control system analysis
so that interactions can be properly considered. In addition, the vehicle may be affected by
structural, control system, and environmental factors such as noise, propellant dynamics, pilot
inputs, mass distribution changes, winds, and sensor locations which contribute to the complexity
of analyzing interactions.

Undesirable interactions may be manifested as (1) trim changes such as those induced by thermal
distortion of a lifting surface, (2) loss of control effectiveness as exemplified by control reversal
caused by aeroelastic phenomena, (3) loss of stability as exemplified by divergent oscillation
caused by improper sensor location, and (4) reduced stability or prolonged transient responses
such as those caused by a change in aerodynamic characteristics resulting from structural
deformation.

This monograph is concerned with control-system/structure interaction of space vehicles during
planetary and earth entry and deals principally with atmospheric entry and aerodynamic deceler-
ation to subsonic speeds.

This monograph complements NASA SP-8036, Effects of Structural Flexibility on Launch Vehicle
Control Systems (vef. 1), and NASA SP-8016, Effects of Structural Flexibility on Spacecraft Con-
trol Systems (ref. 2). Also closely related are NASA SP-8079, Structural Interaction with Control
Systems (vef. 3), which discusses structural design to minimize interactions and the definition of
structural characteristics and mathematical models to allow prediction of undesirable interactions,
and NASA SP-8028, Entry Vehicle Control (ref. 4), which is concerned with vehicle attitude



motions beginning with orientation for atmospheric entry and ending with orientation at 32 800
meters (100000 feet), Other related design eriteria monographs include references 5 through 22,

2. STATE OF THE ART

Structural flexibility is an important consideration in the design of control systems for entry
vehicles. Sinee the control system may be required to operate under a wide range of conditions
associated with the mission, the flexible structure and the control system can interact in numerous
ways. During the initial entry phase, many vehicles may be regarded essentially as spacecraft
operating outside the sensible atmosphere. The design of control systems for flexible spacecraft
is discussed in reference 2. The terminal phase of entry is steady flicht in the atmosphere for
which a large body of information is available for aircraft. The unique condition characterizing
entry vehicles is the deceleration and transition in the atmosphere from the approach velocity to
steady flight at low altitude. Since design and Right experience for this phase of entry is limited,
it is essential that the experience dealing with interactions in aireraft, spacecraft, and launch
vehicle be examined to aid in the recognition, evaluation and proper consideration of interactions.

2.1 The Design Problem

The interaction of the flexible structure and the control system in entry vehicles is basically the
same as is manifested in faunch vehicles (ref. 1) and spacecraft (ref. 2); differences involve the
presence of rapid and severe acrodynamic heating and other acrodynamic effeets. In these vehicles,
the control system processes data from sensors to provide command signals to the control effectors
(i.c.. control actuators and control foree devices). The sensed signals include the effeets of strue-
tural flexibility, and hence the structural deformations affect the command signals to the effectors.
Since the effectors apply forces to the structure and can add energy faster than it is dissipated, the
control system must properly account for the sensed signals to insure proper performance.

Twa basic control system techniques are used to accomplish this. The first, called gain stabiliza-
tion. attenuates or filters sensor signals at resonant structural frequencies, thereby preventing the
cffectors from supplving energy at those frequencies. In effect, structural flexibility is removed
from the signal to allow rigid-body control only. If the required bandwidths of the control and
guidance systems preclude gain stabilization, an alternate method. phase stabilization, is used.
Here the control forces are phased to remove energy from the modes, so that the control system
provides both rigid-body control and control of selected vibration modes.

For the entry vehicle, the interaction of the structure and control system s affected primarily
by the severe acrodynamic and thermal environment associated with deceleration and transition
maneuvers within the planetary atmosphere. The primary task of the entry flight control system is
to provide the desired response to guidance commands in order to steer the flexible vehicle along
a trajectory or flight path to a desired set of end conditions, while maintaining acceleration loads,
acrodynamic loads and thermal effects within tolerable limits. Some flight corridors defined by
these limits are shown in figure 1 for earth entry vehicles, For ballistic-type vehicles the corridor
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Figure 1.—Earth entry vehicle operating boundaries.
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is relatively wide; for manned lifting entry vehicles, the corridor s closely constrained. It is for
the latter elass of vehicles that interactions most frequently arise. The deceleration and attitude
transition mancuvers for a typical lifting entry vehiele (fig. 25 result in a wide range of dynamie
conditions. As seen in figure 3, the vehicle speed may vary from superorbital to less than 306 m/s
(1000 fpsY as the vehicle descends from altitudes in excess of 122400 m (400 000 ft) to conven-
tional aircraft operating altitudes. The angle of attack during entry may vary from large angles
approaching 60 deg to less than 10 deg as illustrated in ficure 2. Simultancously, the vehicle
descends and pasees through an atmosphere in which the pressure, density and temperature vary
over wide values. The combination of atmospheric and vehicle characteristies produces a wide
rante of dynamic pressures and Mach numbers, resulting in large changes in acrodynamic forces
and their distributions and in intense aerodynamic heating, In addition, the atmosphere may
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Figure 3.-Typical entry time history for high lift entry vehicle.

possess significant winds and turbulence which excite the structure. The control forces are usually
provided in the tenuous atmosphere existing at high altitudes by reaction control systems. Control
is transferred to movable aerodynamic control surfaces at low altitude. A blend of aerodynamic
and reaction control forces is used between these two modes. Thus the effector energy source and
its implementation vary considerably during entry.

The wide range of excitation sources causes considerable variation in structural response char-
acteristics. Therefore, the design of the flight control system must include the effects of structural
deformation under the combination of control forces, aerodynamic forces, and thermal effects.
Control forces to be considered include those required to trim the vehicle to the desired attitudes,
to provide desired stability of all vibration modes and to provide maneuverability. Also to be con-
sidered is the effectiveness of the control devices to provide the necessary control forces and to
keep the vehicle responses to unavoidable disturbances, such as winds, within desired limits.

The relationship of the control system, structure, and environment is illustrated by a typical block
diagram of the control loop in figure 4. The controller processes guidance commands and sensor
feedback signals and generates outputs to the effectors. The controller, which may be analog,
digital, or hybrid, includes any signal conditioning such as filtering or compensation, and its feed-
back structure may change with flight phase. Forces introduced by the effectors affect the vehicle
motion and inevitably excite flexible body modes. In addition, external disturbances such as aero-
dynamic loads may excite the modes. The total motion of the vehicle, including the effects of
structural flexibility, is detected by the sensors and fed back to the controller and the guidance
system. A pilot in the loop provides another feedback path, raising the possibility of pilot-induced
oscillations. Appropriate flying qualities must be provided if there is a pilot in the loop.

Proper design of the control system considers structural flexibility so that its effects can either be
negated or controlled. However, if structural flexibility is either ignored or improperly considered,
serious undesirable interactions can occur.
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Interactions of the control system and the flexible structure are most commonly manifested as
structural oscillations, reinforced by the control system through the basic feedback path illustrated
in ficure 4. This form of interaction, termed structural feedback, can result in self-limited oscilla-
tions which are detrimental to the satisfactory performance of the vehicle or the response can
cause divergent oscillations which can resnlt in structural failure. As seen in ficure 4, external
disturbances (primarily acrodynamic) cause deformation of the structure. The mutual interaction
between aerodynamic forees and structural elastic forees is known as aeroelasticity. Deformations
cansed by acroclastic phenomena can alter the required trim forces, the static and dyvnamic sta-
bility of the rigid-hody modes, the effeetiveness of acrodynamic controls, the output of control
sensors, and the responses of the vehicle ta control commands and external disturbances such as
winds. Acroclastic phenomena can also induce self.excited oscillation which involves the control
system either through direct coupling with an acrodynamic control surface or as an undesirable
input to the control system. In addition to the basic acroclastic phenomena, the high velocities
encountered during atmospheric entry produce a severe thermal environment. The elevated tem-
peratures cause chanees in the structural parameters which are reflected in both the basic struc-
tural response and the acroelastic characteristios of the vehicle. Since the thermal effects on the
structure cannot be determined with precision, appropriate parametric variations of cquivalent
stifficsses must be considered.

In addition to the basic feedback path illustrated in figure 4, a number of other interaction paths
may cause difficulty. Actuators and engine dynamies mayv interact with the flexible structure.




Acoustic noise, buffet and vibration can affect sensor performance. The sensor mounting structure
may exhibit undesired responses resulting from local flexibility. Propellant and payloads may also
exhibit significant dynamic characteristics which affect the vibration characteristics. The motion
of control devices produces inertia reaction forces and aerodynamic forces which can yield deflec-
tions of the support structure and in turn produce control disturbances. These effects can manifest
themselves as alterations of control surface effectiveness and trim. Aerodynamic deceleration may
be augmented by reaction motor deceleration, in which case pogo oscillation and other interac-
tions of the reaction force and the flexible structure must be considered. Other factors which can
influence interactions are vehicle flying and ride quality requirements, pilot inputs, digital auto-
pilot consideration, spin stabilization effects, and static stability margins.

2.2 The Design Process

Control system design necessitates the investigation of the dynamic characteristics of the entire
vehicle dynamic system including all significant vibration modes. A number of influences, usually
derived from operational considerations but which also affect structural flexibility, constrain the
control system design. For example, angle of attack is constrained as a function of Mach number;
the vehicle may be required to follow a prespecified reference trajectory with specified accuracy
and timing to minimize heating effects and insure landing point accuracy; the system must tolerate
and correct for winds, turbulence, and other aerodynamic disturbances; and control device deflec-
tions are confined within specified limits. Freedom to select sensor location is usually limited by
the physical restrictions imposed by other subsystems. Reliability is important particularly for
manned lifting entry vehicles. For these vehicles increased emphasis is placed on automatic con-
trol techniques, with mission success depending on the reliability of the control system. With a
high reliability control system, the designer can explore the possibilities of structural mode con-
trol, control in statically unstable flight conditions, flutter suppression, and center of mass control
particularly through propellant control.

The design process is iterative, with each iteration becoming more sophisticated as vehicle param-
eters become better known through analysis, simulation and tests of the control system, the
structure and their components. In early design stages, previous designs are reviewed to benefit
from past experience, and a candidate control system is configured from the rigid-body control
requirements. Refinement of the design necessitates the investigation of the structural flexibility
characteristics and frequently results in considerable modifications to the candidate control system
derived from the rigid-body analysis. Static considerations include the effects of aerodynamic
forces and temperature on balance and trim, the effects of structural deformation on control
effectiveness, the amount of control required for trim in the presence of structural deformation,
and the effect of deformation on control system gain. Dynamic considerations include the various
effects of the significant vibration modes. The control loop design with flexible-body dynamics is
a nonlinear problem with time-varying coefficients, and present analytic methods are inadequate
to obtain closed-form solutions for the complete system. Simplifying assumptions must therefore
be made to obtain a tractable solution.

Generally, linearization techniques are applied to the vehicle dynamics and the control system.
The vehicle dynamic system is generally analyzed by the modal coordinate method. The modal




coordinate method of analvsis provides that the solution be obtained by truncating the vibration
modal data to include only those modes which can interact with the control system. Selection of
the number of modes to be retained in the solution varies considerably with the application. The
modal characteristies are determined at periodic intervals along the trajectory (time-slice analygis)
to account for time-dependent changes in structural mass and stiffness distribution. Experience,
particularly with Taunch vehicles (ref. 1Y, has shown that selection of modes based both on madal
characteristics, that is, shape, frequency, and damping, and on modal gain is desirable. The con-
tro! svstem equations and distributed acrodynamics, both steady and unsteady, are included in
the dyvnamic model. The candidate control system is lincarized about a set of nominal parameter
values, and a preliminary stability analysis is conducted to identify basie design requirements
such as those modes that must be phase-stabilized and to determine whether baflles are needed
to suppress slosh modes. Linear, time-invariant stability analysis methods are particularly uceful
to provide insizht and as design tools. However, linear analysis is valid only for svstem responses
of limited amplitude and for short intervals during which the system may be assumed stationary.
Even with these limitations, these methods have proved invaluable and have provided the primary
tools for desizn of almost all vehicle control systems to date. Gain and phase marging are espe-
ciallv useful as indications of system performance. Filtering and sensor location are chosen as
required for stability of the system. Sinee pertinent structure and control system parameter values
are seldom known with precision in the carly phases of development, the desicn must be such as
to tolerate a range of parameter variations. The modal datacis particularly susceptible to inaceu-
racies introduced by the methods for determining the effects of acrodynamic heating.

As the design progresses the analvsis evolves into a ime-varving simulation which is particularly
useful for investizating the effects of nonlinearitics, higher order modes, eross coupling, input data
tolerances, flexible internal subsvstems, sensor and actuator dynamics, effeets of malfunctions, and
other factors which are difficult to evaluate analvticallv. Much of the control system hardware,
especially sensors, actuating equipment, and control computers, can be used in the simunlation.

Testing is an important element in the development of entry vehicle control systems beeanse of
the known deficiencies in aerodynamic predictions and the difficalty in accurately assessing the
cffeets of acrodvnamic heating. Ground tests to provide data for acrodynamic forees and moments,
and aerodvnamic heat loads are usnally conducted on vehiele seale models or on components.
Data obtained from these tests is included in the analyses and simulations and the design s
evaluated. Onee the vehicle is developed, ground tests are made to verify parameters used in the
analvsis. These consist of ground vibration tests to determine vibration modes, frequencies, and
damping coeflicients and frequency response tests to determine control system transfer functions.
The tests may be conducted with the control system operating with hydraulics either engaged or
disengaged. However, if the hydrautics are engaged. the tests can be misleading sinee limit eveles
can often be induced which will not occur in the presence of acrodynamic or thrust forces (which
produce increased damping).

2.3 Review of Design and Flight Experience

Entry vehicles can be classified according to the ratio of 1ift to drag (1./D% at hypersonic speeds.
Typical vehicles are depicted in figure 5. Vehicles in the low 1L/D (<0353 class, referred to as
ballistic bodies, are usnally bodies of revolution which derive Bift, when desired. by a displace-
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ment of the center of mass from the body centerline. Vehicles of this class include Viking,
Mercury, Gemini, and Apollo. In the moderate L/D class (0.5 < L/D < 1.5) are the lifting bodies
which derive aerodynamic lift from the body shape rather than from lifting surfaces. Experimental
lifting bodies, M2-F2, M2-F3, HL-10, and X-24A, typify this class of vehicle. The third class of
entry vehicle comprises the winged bodies such as ASSET, X-20 (Dyna Soar), X-15, and the space
shuttle vehicle. These vehicles, which use wings to generate the required lift forces, have high
L/D (in excess of 1.5).

Flight experience with entry vehicles is limited, most of the experience being with ballistic bodies.
Ballistic vehicles have been notably free of control system/structure interaction problems since,
for the most part, the structural vibration frequencies -are very high relative to the controlled
rigid-body frequency. Thus these vehicles are, in effect, rigid bodies except for local effects such
as sensor mount flexibility. Flight information for lifting bodies (refs. 23-27) is limited to subsonic
through low supersonic velocities. These vehicles have been flown in research test programs but
have not been tested under entry conditions except for the SV-5 PRIME test vehicle (ref. 28).




The only winged entry vehicles which have been flown were the ASSET delta-wing vehicle
(ref. 29 and the X-15 rocket research airplane. The X-15 experience is well documented (refs.
30-421 However, this vehicle explored only the lower portion of the entry corridor (see iz, 1),

While actual experience is limited, itis invaluable in assisting the designer in exploring the poten.
tial of interactions for future vehicles. In this monograph, interactions unique to entry vehieles are
reviewed in terms of design and applicable flight experience.

2.3.1 Structural Feedback

Structural feedback problems manifest themselves as oscillations caused by either the gross vehicle
or Jocal body deformations being reinforced by the control system. Analysis of these problems
requires knowledge of the vehicle vibration modes, frequencies, and damping coefficients. The
determination of these structural characteristios and their application in interaction analysis is
discussed in references 3 and 5. The design process outlined in Seetion 2.2 iy used to prevent
structural feedback difficultics.

It is emphasized that proper analysis of the interaction of the control system and the structure not
only can prevent structural feedback problems but also can result in control system techniques
which can add damping to the vibration modes and limit the structural load levels. These tech-
niques have been widely used in launch vehicle control system design (ref. 1) and to a limited
extent in aireraft, principally in desivn modifications to existing svstems (refs. 43434 Research is
currently being conducted on the design of a control configured vehicle (CCV) in which the
structure and control system are to be designed to effeet mutaal benefits (refs. 46 and 475, These
control system techniques may be useful in reducing structural loads (which ean result in reduced
structural weight and increased pavload), in extending fatigue life, and in improving the ride and
fiving qualitics of manned vehicles (refs. 48 and 49°.

Most of the structural feedback desien problems are similar to problems encountered in high-
speed aireraft and Lanch vehicles (ref. 300 Applicable experience from entry vehicle missions s
very limited, most of the experience being on research entry vehicles, Structural feedback prob.
fems may be conveniently divided into vehicle (that is, gross or totah deformation problems and
local deformation problems.

2.3.1.1 Vehicle Deformation

Gross vehicle deformations can cause structural feedback in a number of wavs. Several of these
are deseribed in this section.

Vibration Mode Characteristics
The analytical determination of structural feedback by the modal coordinate method requires

that the vibration mode characteristics be carefully seleceted so that important contributions are
not neglected. Selection of modes is often based on a study of the modal gains as was done for the
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Titan III-C and Saturn V launch vehicles. Modal gain studies are usually supported by examina-
tion of modal frequency, modal energy, the effect of aeroelastic modes on stability and control
derivatives, and the effect of higher frequency modes on static deformations. Coupled vehicle
modes are required to properly assess structural feedback and are calculated by computer pro-
grams such as NASTRAN (ref. 51). The importance of fuselage flexibility is amplified for vehicles
such as the XB-70 aircraft.

Aerodynamic forces acting on a flexible structure alter the vibration characteristics and can
cause coupling of low-frequency modes and rigid-body pitching and plunging modes resulting in
static aeroelastic deformation of the body. Aeroelastic effects are discussed in Section 2.3.2. Dis-
tributed aerodynamic forces are normally included in equations of motion used to describe
structural feedback.

During an entry mission, expenditure of propellants is usually the most significant cause of
changes in mass distribution, which can significantly alter the vibration characteristics. The mass
distribution can be held within tolerable limits by controlling the propellant center of mass. One
possible method is that of fuel transfer (ref. 52), in which fuel is moved from one tank to another
in order to maintain an appropriate center of mass. This method is incorporated on the F-4 aircraft
and the Concorde supersonic transport. Another method often used in aircraft is fuel sequencing,
in which fuel or propellant is used from tanks on a preprogrammed basis. This technique has been
used on the DC-8 commercial jet airliner and the XB-70 and B-58 aircraft.

The effort required for prediction of vibration modal data and the accuracy of the predictions
are dependent on the vehicle configuration, particularly in a varying temperature environment.
Aerodynamic heating introduces additional complexity and adversely affects the computational
accuracy of the modal data. If high accuracy in predicting structural characteristics cannot be
attained, the control system is designed to tolerate a wide range of parameter variations. Typical
data is presented in Table 1 to illustrate the variation in modal data for large flexible aircraft.

Vibration modes are included in simulations to evaluate interaction; however, it is not common
practice to simultaneously simulate the six rigid-body degrees of freedom and all the selected
vibration modes. Usually the equations of motion can be linearized so that the rigid degrees of
freedom can be examined in less complex form. In some cases, however, because of the nature
of the vehicle, the full six-degree-of-freedom simulation, including vibration modes, is used. For
example, in order to evaluate the digital flight control system for the Titan III-C launch vehicle
prior to its first flight, the simulation included: the six rigid-body degrees of freedom; time-varying
vibration modes, namely, three modes in pitch, three modes in yaw, and one mode in roll; time-
varying aerodynamic, weight, and thrust properties; winds and offsets; actual engine/actuator
system for each flight phase; autopilot sensors; actual flight article digital computer and its soft-
ware; and a simulated inertial platform.

Structural damping is a nonlinear function of amplitude and cannot be calculated. Values for
modal damping ratio (¢ = ¢/c.) may be based on past experience, but linearized modal damping
estimates are usually based on test measurements. These measurements are generally lacking for
high temperatures. Proportional damping models are usually used; that is, an equivalent viscous
damping factor is applied to each mode. Values of 0.005 to 0.015 are representative of structural
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damping ratios used for aircraft design (e.g., a value of 0.01 was used for the XB-70, and B-52
values were in the range 0.005-0.015). These values are applicable for winged entry vehicle
structures.

Sensor Location

Inertial sensors such as gyros detect both rigid-body motions and flexible-body oscillations. Since
for flight path control only the rigid-body motion is needed, undesired control action may result,
causing continued or increased structural deformation. For some applications, locations are sought
which minimize structural vibration content. However, for systems that are intended to control
structural responses, entirely different location criteria exist.

Aircraft have been notably free of structural feedback problems because most aircraft structural
frequencies were sufficiently removed from the bandpass of the control system. For larger, flexible
aircraft such as the B-52, XB-70, and B-1, which are more representative of proposed manned
winged entry vehicles, location of sensors is critical because of the lower structural frequencies
these vehicles exhibit. Additional sensors, usually rate gyros and accelerometers, are required to
implement a vibration mode control system such as the XB-70 ILAF (identically located accelera-
tion and force) and the B-52 LAMS (load alleviation and mode stabilization). Sensor locations for
the XB-70 ILAF, and B-52 LAMS are shown in figure 6. Nine different locations near the elevons
of the XB-70 were investigated analytically for various flight configurations in order to determine
the optimum location of the sensors for controlling the first three structural modes. The B-52
LAMS flight control system was synthesized using optimal control techniques to minimize struc-
tural fatigue damage due to turbulence. Experience with these two aircraft vibration mode control
systems (refs. 43 and 45) and with launch vehicle design may be applicable to entry vehicles for
improving ride and handling qualities, reducing structural loads, and increasing fatigue life.
Studies of the potential value of vibration mode control systems for space shuttle vehicles are
reported in references 48 and 49.

Sensor location can also affect reliability and survivability requirements. A research fly-by-wire
control system program is using an F-4 aircraft equipped with a quad-redundant sensor system;
that is, four rate gyros were provided to sense the same parameter for voting and comparison.
In order to insure survivability, the four sensors were mounted at different locations. However,
because structural flexibility effects were different at each location, it was not possible to guarantee
that all sensors would provide identical signals. As a compromise, the sensors were mounted in
a single package designed with stringent physical and electrical isolation of the four channels.
A more desirable solution that is being considered for a production system is to incorporate a
reference plane that is rigid between left and right sides of the aircraft. Separate rate sensors
would be located on each side to provide the required survivability.

Propellant Slosh

Propellant sloshing can be a significant contributor to structural feedback and is, therefore,
included in the control system mathematical model as separate degrees of freedom so that para-
metric studies may be conducted on damping and frequencies. Propellant slosh dynamics are
considered by methods such as those presented in references 6 and 54. Proper design of the flight
control system can minimize the contribution of propellant sloshing to structural feedback.
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Another common technique is to use baffles as a means of angmenting energy dissipation and
thereby reducing slosh amplitude (ref. 7). Control system instability or limit-eyele oscillations are
possible if baffles are not used or are improperly designed. For launch vehicles, the exponential
increase in slosh amplitude is computed as a function of time and frequencey to determine the
effect of baflle levels. Since slosh damping varies nonlincarly with wave amplitude, a linear
analvsis using a minimuam value for damping usually precedes a nonlinear slosh limit-cvele analysis.

For most entry vehicles, only a relatively small mass of propellants remains on entry. However,
this mass can cause large disturbances during the high angle-of attack entry, during transition to
low angles of attack, and during mancuvering prior to landing. For these conditions, the propel-
lants in partially filled, long shallow tanks are susceptible to small excitations resulting in vielent,

18!



large-amplitude nonlinear motions (refs. 55 and 56) as well as rapid changes in center of mass.
The response may be in the form of normal sloshing or traveling waves which reflect back and
forth along the tank. These responses are illustrated in figure 7. Under some circumstances, (e.g.,
flyback following an aborted mission) the vehicle can be subjected to significant propellant motions
because a large mass of propellant will still be onboard. The propellant slosh modes and large
shifts in the propellant center of mass may be detrimental to the vehicle stability.

Static Instability

Entry vehicles, in order to meet the stringent constraints imposed by the limited entry corridor,
may have to be flown in a statically unstable aerodynamic flight configuration through portions
of the trajectory. If static instability is encountered, stability must be provided by the control
system (ref. 52) which must be highly reliable. High-gain feedback loops may be required; how-
ever, this increases the control system bandpass, which increases the possibility of structural feed-
back problems.

Static instability problems have been encountered in the design of a winged space shuttle vehicle.
A directional instability can occur in the high angle-of-attack condition, in which the vertical tail
surface may be masked by separated flow from the fuselage resulting in reduced rudder effective-
ness. If the rudder effectiveness is reduced excessively, the problem can be solved through the
reaction control system (RCS), although experience in this technique is limited. The most closely
related experience was that obtained during the X-15 flight program, in which an adaptive control
system was used to blend RCS and aerodynamic control forces (ref. 31).

Figure 7.-Propellant slosh in long, shallow tanks (ref. 56): (a) sloshing form of response,
(b) traveling wave response.
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In those Mach number regions where the rudder is effective for the space shuttle, feedback of
lateral acceleration to the rudder or to a blend of the rudder and RCS can provide the desired
artificial dircetional stability, but very high gaing are often needed to achieve this objective.
Without careful design consideration of flexible body effects, these desired high gains may canse
dynamic instabilitics of vibration modes.

The reduction of directional stability on space shuttle configurations at high angles of attack
leads to a lateral-directional instability in which rolling moment due to sideslip angle increases
through the effect of wing dihedral. Since static dircetional stability is very low, sideslip angle is
casily increased by acrodynamic forees or by control system inputs. The induced rolling moment
may increase to a level where a rolling moment apposite to that commanded by the control system
is produced. The X-2 experimental aircraft had this form of lateral-directional instability, which
resulted in loss of the aireraft and pilot (ref. 57).

Studics of a space shuttle vehicle show that during a transition (pitch) mancuver from a high
angle-of-attack condition to a cruise condition, the vehicle may be unstable in pitch (ref. 380 If
stability during the maneuver is required, gains for pitch control forees have to be inereased, with
due consideration of interaction with structural flexibility.

2.3.1.2 Llocal Deformation

The deformation of local structure such as sensor mounts, joints, and linkages as well as major
components including wings, tail surfaces, and control surfaces can contribute to structural feed-

back phenomena (ref. 31

Resonance Effects

Coincidence of structural vibration frequencies with resonant frequencies in the control system
can result in structural feedback. A resonance problem occurred in the X-15 involving the vibra-
tion frequency of the horizontal control surfaces, which were used for both pitch and roll contro!
(fg. 8). The inflight vibration of approximately 13 Hz occurred at 51 800 m (170 000 ft) altitude
and a dyvnamic pressure of 4755 N/m® (100 1h/f6°). The vibration was limited in amplitude because
of the rate limit of the controlsurface actuator and stopped when the stability augmentation
system (SASY gains were reduced and the dynamic pressure increased to about 47 800 N/mv? (1000
Ib/A7) It was determined that the lightly damped horizontal-stabilizer surfaces (elevons) were
excited at their first natural frequeney of 13 Hzo The inertial reaction of the fuselage to thic vibra-
tion was sensed by the SAS rate gyvros so that the SAS sustained the vibration with inputs to the
control surfaces, Tt was determined that an electronic filter, which had been modified to improve
the characteristics of control system limit eveles by providing lead at about 3 Hz, increased the
gain of the system at the first natural frequency of the horizontal stabilizer, by about a factor of 3,
causing the oscillation. The problem was rectified by incorporating a noteh filter in the SAS
(ref. 367 A similar problem, solved by the same method, occurred in the X-15 reaction augmenta-
tion svstem {ref. 370 and in the X-15 adaptive control system.

Control surface resonance problems need to be considered in the design of structural mode
control systems. For example, on the XB-70 TLAF system, elevon motions at the elevon natural
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frequency generated signals which were sensed by accelerometers in the flight control system.
The elevon natural frequency was a result of the elevon flexibility, actuator dynamics, backup
structure flexibility, and elevon inertia. The transmission of the feedback signal was reduced by
use of a notch filter (ref. 44).

Internal payloads or other major components, particularly those of relatively large mass can
exhibit resonant frequencies which can result directly in structural feedback or can affect local
deformation characteristics and even overall vehicle response. An example of the latter is included
in reference 1, which deals with resonant frequencies of the Apollo lunar module mounted in
the Saturn V launch vehicle. This example revealed the need to consider in detail the dynamic
characteristics of the payloads and components and their effects on the overall vehicle.

Servoelasticity

Structural feedback involving flexibility in control effector actuators (servos), backup structure,
and mechanical linkages is termed servoelasticity. Self-sustained oscillations of control surfaces
during ground tests of the M2-F2, HL-10, and X-24A lifting bodies were attributed to excessive
flexure in actuator support structure and to slop in control system mechanical linkages to the
actuators and in summing junction networks (ref. 23). The critical structural areas were located
by means of a detailed test program. As a result, linkages were tightened and support structure
stiffened. On the X-24A, notch flters were incorporated in the control system to attenuate response
at the critical structural frequencies. The M2-F3 vehicle also used the same basic control system
design as the X-24A. As a result of the modifications, servoelastic problems on the M2-F3, HL-10,
and X-24A were eliminated.

Sensor Mounting

Local structural deformations can produce erroneous sensor signals or sensor saturation which
may seriously affect control system operation. Structural feedback occurred on the M2-F2 lifting
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body during ground tests in which SAS gains were set at a high level and the vehicle was shaken.
The self-sustained oseillation was partly attributed to servoelasticity (see above); however, the
principal cause was a 30-Hz vibration associated with inadequate stiffuess of the gyvro mounting
framework. This frequency was outside the operational bandwidth of the control system but
degraded the system’s eapability and could have produced a structural failure. The difficulty was
rectificd by stiffening the gyro platform assembly and installing a low bhandpass filter in the SAS
electronics (ref. 24).

A 26-Hy limit-cvcle oscillation encountered on the XB-70 aircraft was attributed to structural
feedback. It was determined that acrodynamic excitation of the local wing structure was detected
by the TLAF accelerometer Jocated near the elevon (fig. 6) and fed through a compensation
network to activate the elevon actuator. This prodoced actuator motion of sufficient magnitude
to excite the local structure near the sensor, resulting in the limit-cyele oscillation. Study of the
problem revealed that the local structural response was not readily amenable to analysis. Local
response was then investigated by extensive ground and flight tests. The limit-cycle problem was
alleviated by redesigning the compensation network to provide a greatly attenuated signal
amplitude above 5 Hy (ref. 43).

Effector Inertia

Dynamic instabilitics associated with movable or gimballed engines can result in structural feed-
back. Problems related to engine inertia, engine natural frequency, and structural vibration
frequency include the “tail-wags-dog”™ effeet and engine resonance. Entry vehicles to date have
not incorporated movahle engines; however, these problems have oceurred on launch vehicles
(sce ref 1) and may be a source of difficulty in future entry vehicle design.

The inertia forces intraduced by the motion of massive control surfaces can also cause “tail-wags-
dog” instability (ref. 539Y. On an entry vehicle controlled by aerodynamic control surfaces, an
excitation frequency exists at which the control surface inertia reaction force magnitude is equal
and opposite to the magnitude of the acrodynamic force produced by the surface, Below this
“tail-wags-dog” frequency, the resultant control surface foree is proportional to the dynamic pres-
sure, and the control surface effectiveness or vehicle gain increases with dynamic pressure. Ahove
this frequency, the high-frequency vehicle gain is independent of dynamic pressure; that is, control
surface effectiveness is independent of the aerodynamic forces it produces. Increases in control
system: gain will not improve the control system effectiveness. However, the higher-frequeney
vibration modes might be driven into divergent oscillation by this phase reversal of the apparent
control force and increased control-system gain if adequate structural damping or filter attennation
are not present,

2.3.2 Aeroelasticity and Thermal Effects

Acroelasticity has been successfully dealt with for years in aircraft design (e.g.. refs. 60-63). In
general, the treatment of acroelastic effects involves the simultaneous consideration of the aero-
dynamic forces and structural deformation. The distributions as well as the magnitudes of the
acrodynamic forces arising from the rigid-hody mation and the deformation of the structure are
required. Acrodynamic heating, which can cause Jarge temperature variations in the vehicle and
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thus change the elastic properties and stiffness characteristics of the structure, is an additional
problem that complicates the computation of elastic deformations (refs. 62, 64-66).

While problems of aeroelasticity are primarily the responsibility of the structural dynamicist or
aeroelastician, the control system designer of entry vehicles may find that these problems place
constraints on the design. For example, these constraints could include the size and location of the
control surfaces or the location of actuators and sensors. In order to provide a better understanding
of how aeroelastic phenomena and thermal effects interact with entry vehicle control systems,
descriptions of aeroelastic problems are preceded by a brief discussion of aerodynamics and
heating.

2.3.2.1 Aerodynamics

Analytical Considerations

No single unified theory is capable of predicting the magnitude and distributions of aerodynamic
forces over a wide range of flight conditions and vehicle configurations. Rather, various approxi-
mations permit solutions over small ranges of angle of attack, Mach number, altitude, etc. The
variance in accuracy of these solutions as well as the determination of the range of applicability
of various methods introduces a high level of uncertainty as to the overall accuracy of estimates
of vehicle aerodynamic characteristics.

The aerodynamics of lifting entry vehicles are particularly difficult to determine for much of the
entry trajectory. Typically, a high L/D vehicle trajectory (see fig. 2) operates at angles of attack
of about 60° at hypersonic velocity and about 5 to 10° near Mach 1. Thus a major portion of
the entry is accomplished at angles of attack well above the range usually encountered by aircraft
in normal flight. At these high angles of attack, flow separation becomes an important factor in
predicting the aerodynamic characteristics of the vehicle. On some vehicles, such as the space
shuttle, the separated flow can blanket the vertical stabilizer or other stabilization and control
surfaces. Instabilities induced by this condition are discussed in Section 2.3.1.1. In addition, at
the high angle-of-attack condition, aerodynamic flow about the vehicle in three dimensions be-
comes important. A five degrec-of-freedom analysis of the aircraft response is often required

(ref. 67).

Aerodynamic coefficients at high angles of attack cannot be accurately predicted analytically
‘in the subsonic, transonic, and low and medium supersonic speed regimes, so experimental or
combined experimental-analytical methods are required. In the high supersonic (M =5 and
greater) and hypersonic speed range, modified Newtonian theory (ref. 68) can be used to obtain
aerodynamic coefficients; however, experimental methods are used to verify the predictions and
to obtain detailed pressure distributions.

For flight conditions at low angles of attack (<10°), the magnitudes and distributions of the
aerodynamic forces can be determined from linearized small-perturbation theories, except for
the transonic speed range (0.95 < M < 1.2). Aerodynamic theories based on inviscid perfect
fluid are generally acceptable. Steady flow solutions are applicable for static aeroelastic effects;
however, unsteady flow solutions should be used for dynamic or oscillatory aeroelastic effects
(refs. 69-72).
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The literature of aerodynamic theory and testing is replete with numerous studies of various
wings and bodics and combinations of the two. In early design, relatively simple calculations of
acrodynamic force distributions are sufficient. Usnally some form of strip theory is applied
(e.g. ref. 705, In the advanced design phase, more elaborate approaches are used. The results
arc later verified by wind tunnel testing of conficurations which appear to be promising in meet-
ing the design requirements,

Experience such as with the XB-70 aircraft has shown that quasi-steady aerodynamics are sufficient
for predicting gross vehicle dynamic characteristies including structural feedback, However.
unsteady flow theory is essential for accurate computation of the aerodynamices of control surfaces.
Aecrodynamic prediction methods which have been found to be particularly useful in acroclasticity
studies are summarized in Table 2.

TABLE 2. — Acrodynamic Theory for Aeroclastic Caleulations
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TABLE 2. — (continued)

Speed Angle of
Regime Attack Theory References Remarks
Unsteady State
Subsonic Low Strip 60,70
Low Tables 88 Incompressible; high aspect
ratio wings
Low Unsteady potential flow 89
Low Kernel function method 90 Includes control surfaces;
compressible flow
Low Doublet-lattice method 91,92 Includes control surfaces;
. compressible flow
Low Wagner and Kussner functions 93 Lift growth functions; incom-
pressible flow
Transonic Low Potential flow 94
Supersonic Low Piston 85,95 Thin wings; M > 2.0
Low Kernel function method 96 Control surfaces
Low Box method 97,98 Also called Mach box or super-
sonic influence-coefficient
method
Hypersonic Low to Newtonian 86,99 Blunt bodies; M2» 1; Mé =1; .
moderate 10° < 5 < 25° (8 = angle
between wind and airfoil
surface)

Experimental and Empirical Considerations

Wind tunnel tests are conducted to obtain basic data such as lift, drag, and stability derivatives
and to verify analytical approaches. Analytical methods are also used to study the variations
in configuration and flow conditions which would be too costly to obtain by wind tunnel testing.
Dynamically scaled models are often used for wind tunnel tests to determine a number of
aeroelastic characteristics; appropriate scaling parameters are required. The two commonly used
aerodynamic scaling parameters, Mach number and Reynolds number, are needed as well as
three additional parameters: Strouhal number (or reduced frequency), density ratio of testing
fluid to material, and material damping coefficient. Additional thermodynamic scaling parameters
must be considered when temperature is important.

The aerodynamic problem is sometimes complicated by plume effects of reaction jets and engines,
boundary layer/shock wave interference, flow separation, and vehicle-generated turbulence, all
of which must be resolved for the flight-approved vehicles. Many of these effects can be neglected
in initial analyses in order to establish the basic configuration. As the design progresses, these
aerodynamic effects must be considered to determine their importance to aeroelastic phenomena
and structural response characteristics.
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The plume effects of engines and reaction jets mav ecanse variations in vehicle aerodynamic
characteristios (ref. 551, An example illustrating these effects is the entry of Apollo 7, during which
more reaction contral propellant was expended than predicted. The Apollo simulation was updated
to include the interference of reaction jet exhaust on the vehicle flow field, This resulted in trim
angle-of-attack changes which cansed the autopilot to fire the reaction jet thrusters. The jet
interaction torques in combination with the actual wind profile were determined to be the canse
of the excessive jet propellant use. Jet interaction effects are discussed in reference 100, Destab-
ilizing acrodynamic forces can also oceur owing to separation of the flow induced by the exhaust
flone (ref. 10100 The foree of the reaction control jets may also he modified by interaction with
the flone ficld Effects related to foree modification are discussed in references 102 and 103,

Acrodynamic loads caused by the interaction of shock waves with the boundary laver are generally
determined by wind tunned stadies, However, shock wave interactions also cause high-frequency
structural excitation or can result in local structural heating which may not be predicted by such
studics. An example of the latter occurred on the X-15 aircraft when shock waves generated on
a mockup of a ramjet engine mounted heneath the tail section cansed extensive damage to the
fuselage and horizontal stabilizers becanse of excessive local stagnation temperatures (ref. 350,
Extensive wind tunnel testing prior to flight had failed to predict the extent of heating from shock
wave interaction.

Flow separation can cause significant changes in the vehbicle aerodynamic characteristics, par-
ticularly if control surfaces are invelved. Tip-fin flow separation occurred on the HI-10 lifting
body {fig. 9%, cansing the vehicle to be unstable and uncontrollable during the period of separated
flow. The problem had been observed in wind-tunnel data, but the severity of the problem was
unexpected. The tip fine were modified, resulting in the flow being attached over a greater area
to a higher Mach number (refs. 25 and 26% Separated flow effects are difficult to analvze
(ref 104 and wind tunnel tests are usually used to investigate the phenomenon. The importance
of Mach number on separation is examined in reference 103,

~TIP FIN
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Vehicle-generated turbulence, which manifests itself as noise and buffeting (refs. 19, 55, 106, and

107), can affect control system performance by excitation of high-frequency vibration modes

which cause saturation of sensors. Aerodynamic noise is caused by random pressure fluctuations

in the boundary layer at supersonic speeds. Buffeting (ref. 8) usually occurs in the transonic

regime as a result of local shock-wave oscillations and of flow separation caused by turbulent flow

from a forward portion of the vehicle passing over a lifting surface at the rear of the vehicle or

by a shock-induced flow separation. Pressure fluctuations on entry vehicles caused by buffet

presently cannot be predicted by acrodynamic theories; wind tunnel data is required to study the
effects of buffet.

The variation of lift with angle of attack for wing-body-tail combinations becomes nonlinear
because of factors such as local separation of the flow on the wing, separation of the flow on the
body, and passage of the tail surface through the wing wake. At present, the lift and drag of
arbitrary wing-body-tail combinations in the nonlinear lift region cannot be predicted by purely
theoretical means in any flight regime. Existing methods are either correlations of experimental
data such as presented in reference 108 or semianalytic, in which certain features of the problem,
such as viscous effects, are ignored. An empirical method is presented in reference 109, in which
the nonlinear lift of wing—body combinations in supersonic flow is reasonably correlated using a
cross-flow term based on the normal force of an equivalent circular cylinder. The method pre-
sented in reference 110 analyzes the nonlinear characteristics due to component interference or
the three-dimensional character of the wing flow field near the tail.

2.3.2.2 Aerodynamic Heating

Aerodynamic deceleration of an entry vehicle produces tremendous amounts of heat (ref. 9).
Elevated temperatures of the primary load-carrying structure cause changes in the modulus of
elasticity which result in changes in structural stiffness. Since the temperature is not equally
distributed to all parts of the structure, a temperature gradient exists which causes an overall
change in the stress pattern throughout the vehicle. This results in changes in vehicle shape as
well as alteration of the dynamic characteristics of the flexible structure. The temperature dis-
tribution is also time-dependent, with the result that transient stresses cause variations in the
stiffness distribution of the structure (refs. 39 and 62). From the standpoint of vehicle control,
these temperature effects manifest themselves as changes in the static and dynamic characteristics
of the vehicle which may seriously affect the range of design parameters and their associated
tolerances.

The effects of temperature on structural stiffness are included in the analysis used to determine
structural characteristics (refs. 3 and 111). This may be accomplished by applying a constant
temperature across an entire section of the vehicle or by accounting for discrete temperatures and
temperature gradients at lumped-mass stations or at structural node points. If temperature varies
slowly with time, time slice techniques are usually used to determine the change in structural
dynamic characteristics (ref. 3).

Testing to determine aerodynamic heating effects can be conducted in special wind tunnels,
plasma arc facilities, and radiant heat facilities. However, tests are usually very limited in scope,
are costly, and generally are not conducted under combined load conditions. Therefore, much
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reliance is placed on analysis (ref. 111, on component testing when feasible (e.g., ref. 39), and
on thermal protection svstems,

Entry vehicles require thermal protection systems (TPS) to prevent excessive heat input to the
structure, pavload, and crew (refs. 10 and 1123, Two types of TPS can be distinguished, radiative
and absorptive. The absorptive systems include heat sink, film and transpiration cooling. ablative,
and convective. Reference 10 deseribes the advantages, limitations, and general use of each of
these systems. Depending upon the particular type of TPS emploved, the primary load-carrying
structure of the entry vehicle is subjected to elevated temperatures of varying degree. The TPS
design affects the weight distribution of the vehicle and possibly the stiffuess. Consequently it may
have a pronounced effect on the flexibility characteristics and can serionsly affect control system
design.

2.3.2.3 Static Aeroelastic Problems
Therma! Expansion

The effects of aerodynamic heating may be quite unexpected. For example, during a high-
temperature flight of the X5 aireraft, the main landing gear extended when the aireraft velocity
was in excess of M o 4, causing large changes in airplane trim and drag. Inadvertent extension
of the nose gear due to heating on a similar flight was also experienced (ref. 35). Vehicle stability
was affected. but the pilot wacable to maintain control and effect a safe landing. Detailed evalua-
tion of the event, subsequent to the flight, revealed that overall elongation of the fuselage cansed
by thermal expansion had caused loads in the cables which released the gear. The cables, which
were inside the fuselage, had not been subjected to high external temperatures. As the fuselage
elongated. it in effect, ereated a tension in the cables comparable to that caused when the pilot
pulled the release handle for gear extension. The problem was solved by redesigning the cable
release and changing the preloads in the release cable,

The thermal environment of entry vehicles can canse exeessive expansion of connections, resulting
in bindinz. For example, free-play was designed into the flap hinges and actuation connections
of the SV-5D PRIME vehicle to prevent binding. However, in this instance, excessive free-play
resublted in limit-evele oscillations of the surface during lower temperature operation (ref. 3).

Effects on Trim

The acrodynamic control surfaces of an entry vehicle, in addition to providing forces and moments
for mancuvering. are used to trim the vehicle for steady-state flight conditions, that is, to put the
vehicle in equilibrivan for a given flight condition. However, elastic deformation of the entry
vehicle structure induced by acrodvnamic loads and heating can result in movement of the aero-
dynamic center of pressure and can change the lift effectiveness characteristios of Lfting surfaces.
These effeets canse changes in the vehicle trim characteristios.

Large trim changes were experienced on the XB-70 aircraft (see fig. 61 in the transonic speed
range (ref. 1134 at high dvnamic pressure flight conditions. These trim changes were attributed



in part to aeroelastic effects of the fuselage and the canard (ref. 66). The canard was geared to
the elevons for improved longitudinal trim and control.

A similar problem was anticipated for the X-20 Dyna Soar entry vehicle, in which thermal effects
resulted in bending of the fuselage in a so-called rocking-chair mode. As a result, the longitudinal
trim characteristics were grossly affected.

Aeroelastic effects on entry vehicles can cause trim changes of aerodynamic surfaces which, even
at low dynamic pressures, can cause considerable activity of the reaction control system if this
condition is not anticipated. A similar occurrence was encountered during a high-altitude flight
of the X-15 aircraft when the aerodynamic controls were inadvertently trimmed for zero angle of
attack by the pilot while he attempted to maintain an angle of attack of 10° with the RCS during
entry. As a result, a large amount of RCS propellant was expended overcoming the aerodynamics
of the airplane (ref. 37).

Control Surface Effectiveness

The available control forces and moments for a given control surface deflection are a measure
of the control effectiveness. The effectiveness is changed by movement of the aerodynamic center
of pressure and center of mass, by variation in Mach number, dynamic pressure, and angle of
attack, by distortion of the control surfaces, by overall deformation of the vehicle, and by satura-
tion (aerodynamic stalling or exceeding control effector limits). Variation in control surface
effectiveness results in an effective change in control loop gain. In general, this can often result
in control loop stability problems if the effective gain is increased, or in reduced control accuracy
as well as stability problems if the effective gain is decreased. Control effectiveness is reduced if
excessive surface deflection is required for trim because of aeroelastic effects. In aircraft and
missile design, a rule of thumb for preliminary design is to provide sufficient control force capa-
bility so that the desired trim and control capability exists, assuming one-third of the deflection
will be lost due to overshoot, aeroelasticity, biases, etc. Of these effects, aeroelasticity is usually
the largest. Generally, detailed analyses are conducted using aerodynamic stability derivatives
corrected for the effects of structural flexibility (see next subsection) in order to meet effective-
ness criteria such as given in reference 114.

The reduction in control effectiveness with increasing dynamic pressure is illustrated in figure 10
for an aircraft similar to the XB-70 (ref. 66). The control effectiveness is shown as the ratio of the
flexible-body pitching moment effectiveness parameter to the same parameter for a rigid body.
As indicated in figure 10, pitch control effectiveness was improved by gearing the canard to the
elevons.

Aeroelastic effects can reduce control effectiveness to the point where the control surface is totally
ineffective and beyond which the effect of the control input is reversed (refs. 60 and 62). This
phenomenon is an important design consideration in high-speed aircraft, particularly for ailerons
and elevons. Aileron reversal was a problem in the B-47 aircraft (ref. 63). A less common form
of reversal is that experienced by the elevators used for longitudinal control. Generally, the
horizontal stabilizers on which the elevators are mounted are less susceptible to elastic deforma-
tions serious enough to cause reversal. However, a reversal condition was predicted for the elevons
of an aircraft similar to the XB-70 caused principally by flexure of the fuselage (ref. 66).
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Stability Derivatives

The equations of motion for stability and control investigations are written with acrodvnamic
forces and moments expressed in terms of stability derivatives (refs. 115 and 1163, To present the
cquations in this form. it is assumed that the acrodynamic forces do not change rapidly and that
they are functions of the instantaneons values of the disturhance velocities, control angles. and
their derivatives. The functions are expanded in a Tavlor series and linearized. the stability
derivatives are the resultant series coefficients.

Stability derivatives are nsually obtained from wind-tunnel studies of rigid models and theorctical
analyses. Whin possible, these data are verified by flight test data (ref. 403, The derivatives are
essentially invariant for constant Mach number but often vary with angle of attack, sideslip angle,
control deflection. and center of mass. However, acroclastic effects can significantly modify the
rigid-body values, resalting in stability and control difficultios (ref. 661, The flexibility offects are
generally investigated as a funetion of dynamic pressure and Mach number. Suceessful technigues
for determining acroclastic effeets on stability derivatives are based on the use of acrodynamic
and structural influence coefficients (refs. 66, 76, 117, and 118). Figure 11 from reference 119
illustrates both the effects of flexibility on the ift-curve slope. and the comparison of theoretical
caleulations with wind-tunnel data.

2.3.2.4 Dynamic Aeroelastic Problems
Classica! Flutter

A dynamic instability that can occur on lifting entry vehicles is elassieal flutter (i.e.. at low angles
of attack’. Flutter is a self-excited phenomenon which involves coupling between vibration
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Figure 11.-Effects of flexibility on lift—curve slope of an elastic SST model (ref. 119).

modes through aerodynamic forces (ref. 60). It is often violent and destructive, and therefore it
is required that the design be free of flutter within the design envelope, as specified in references
11, 12, and 120.

Control surfaces may participate in the flutter. Such was the case on a KC-135 airplane which
experienced flutter involving body bending and one of the control surfaces (ref. 50). The prob-
lem was unforeseen because certain compressibility effects had not been considered in calculating
control surface hinge moments. The addition of control surfaces dampers eliminated the problem.

In general, the participation of control systems in flutter instabilities is restricted to control surface
interaction with surrounding structure through flexibility and aerodynamic forces. However,
flutter may have indirect influence on the control system design. For example, the location and
dynamic characteristics of control surfaces are often affected by flutter considerations. Hence,
since these are elements of the control loop, the flutter problem may indirectly affect the control
system design by imposing constraints or limitations. Similarly, modifications to the control system,
particularly to the aerodynamic control surfaces, may be detrimental to the flutter characteristics
of the vehicle, thereby restricting the control system design.

Flutter is basically the concern of the structural dynamicist and is often eliminated by increasing
the structural stiffness or providing proper balance weights (ref. 12). Aerodynamic heating, how-
ever, causes a reduction in stiffness by reducing the modulus of elasticity and by a temporary loss
of stiffness caused by transient thermal stresses. Reduction in stiffness caused by a thermally
induced change in material modulus of elasticity adversely affected the flutter characteristics of
the X-15 horizontal stabilizers. As a result, approximately 13.6 kg (30 1b) of material was added
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to each stabilizer to increase the stiffness and alleviate the adverse effect on flutter. Transient
heating effeets on flutter have been studied in wind tunnel tests (refs. 121 and 1225,

Some recent research results have been obtained which indicate possible benefits of active control
of flutter (refs. 123-1254. The flutter suppression system involves sensors to deteet flntter motion
and a control loop to command control forees to damp the oseillation. The concept is similar to
that of the B-52 LAMS and XB-70 ILAF svstems used for mode stabilization (refs. 43 and 40 In
the flutter suppression concept, unstable aeroelastic roots are included dircetly in the control
svstem stability analysis. Becanse of the potentially destruetive nature of flutter, a highly reliable
control system is required. Although this type of active flutter control is still in the research
stage, it may be a verv useful technique for future vehieles,

Stall Fiutter

A potential aeroclastic problem on entry vehicles is stall flutter (ref. 126). This form of flutter
occurs when the flow over the lifting surface is stalled for at least part of cach evele of oscillation.
It may be particularly severe for straight winged entry vehicles at high angle of attack; however,
highly swept or delta winged vehicles may not encounter the phenomenon. The oscillation, which
involves the basic torsion mode of the surface, is often marginally stable if adequate structural
damping is not provided: hence, the control system could destabilize the flutter. If the stall flutter
condition does not diverge, it appears as a high-frequency input relative to the control system
bandpass which can cause sensor saturation.

Stall flutter speeds are very configuration-sensitive and are presently not amenable to analysis
because of the lack of suitable acrodynamic theory for high angles of attack In addition, Reynolds
number is a very important parameter governing the onset of the separated flow which occurs
during stall flutter. Existing wind tunnels do not permit simulation of full.scale vehicle Reynolds
numbers during stall flutter tests, Estimates are usnally based on limited test data (refs. 127 and
125} or are ohtained from full-seale vehicle tests

Pane! Flutter

Panel flutter is an acroclastic instability of structaral panels. It is usually limited in amplitude
but can cause failure through structural fatigne such as occurred on the X-15 aireraft (refs. 33,
41. and 129%. Consequently, it can adversely affect the thermal protection system as well as
acrodyvnamic control surfaces. Generally, it can cause an undesirable vibration environment, with
effects similar to acrodynamic noise and buffet. Panel flutter is very sensitive to boundary: condi-
tions and to thermal inputs which can cause buekling (ref. 1303, Criteria and recommended
practices for structural design to prevent panel flutter are presented in reference 13,

Control Surface Buzz

Buzz is single-degree-of-freedom flutter of a control surface often attributed to oscillating shock
waves (refs. 60 and 1313, Tt is nenally a problem in the transonic speed regime; however, there




'is some evidence of the phenomenon at hypersonic speeds (ref. 132). Buzz is detrimental to
control system performance through reduced control surface effectiveness and as a source of
high-frequency vibration which can saturate sensors. Buzz is not expected to be a problem
in entry vehicles such as the space shuttle since actuator stiffness required to move control
surfaces during the entry transition maneuver will probably be sufficient to prevent buzz. Control
surface buzz alleviation is discussed in references 12 and 131.

2.3.3 Other Interaction Effects

Interaction of the control system and the structure may be affected by other factors or effects
which are often encountered in aircraft, launch vehicle, or spacecraft design. These factors include
transient response, pogo, environmental phenomena -(predominantly winds), and vehicle design
considerations such as flying and ride qualities, pilot inputs, digital autopilot considerations, and
spin effects. '

2.3.3.1 Transient Response Problems

Transient factors imposed on the vehicle from various sources may initiate flexible structure
responses which can interact with the control system. These include thrust and gas jet reaction
control system (RCS) transients, control effector blending, residual propellant loading and staging
(see ref. 15).

Thrust transients (e.g., engine ignition, engine shutdown, and uneven burning) can create signifi-
cant loads or vibration levels (ref. 14). The RCS is used at high altitudes where aerodynamic
controls are ineffective. An operating dead band is usually provided to reduce susceptibility to
low-amplitude rigid-body oscillations and structural vibration inputs. The RCS itself may excite
structural vibration if cyclic firing of the gas jets is at a resonant frequency of the structure.
Also, RCS vibration can result in sensor saturation if sensors are located in close proximity to the
RCS jets. RCS experience on the X-15 aircraft during entry is reviewed in references 31 and 37.

The X-15 research airplane used a blended control system in which both movable aerodynamic
surfaces and jet thrusters were used to provide control torques. The two systems had nearly equal
effectiveness when the dynamic pressure was 4.9 N/m? (10 Ib/ft?), but the pilots used the jet
thrusters at much higher dynamic pressures (ref. 31). Transients associated with system operation
are similar to those discussed in the previous paragraph. In addition, switchover from one
type of control effector to the other, as well as simultaneous operation of aerodynamic con-
trols and RCS, can result in transient response of the vehicle. The switchover problem in launch
vehicles is discussed in reference 1.

Staging or separation of bodies will result in transient inputs to the control system which can
cause undesired response or may saturate sensors. Staging loads are discussed in reference 15.

Any transient can have an effect on residual propellants. The effects of residual propellants
(propellant slosh) are discussed in section 2.3.1.1.
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2.3.3.2 Pogo

An oscillation invelving the coupling of the entry vehicle longitudinal vibration modes and the
propukinn system which provides thrust along the longitudinal axis is commonly referred to as
pogo. Pogo is basically a structure/propulsion system interaction. However, if it oceurs, it may
cause saturation of control system instruments and sensors and may actually induce control system
response if coupling of lateral and longitudinal modes is present. Pogo has been observed in
several launch vehicles fref. 13 during aseent. It may also be a problem for entry vehicles during
an abort in which excessive fuel remains. During normal entry there is no pogo problem because
there is no thrust during that period. See reference 16 for a more detailed discussion of pogo.

2.3.3.3 Winds

Winds are an important consideration in the desien of the control systeny of lifting entry vehicles
below 24400 1 150 000 {11 in altitude (ref. 1330 These winds can be separated into low-frequency
inputs (wind shears® and high-frequency inputs (gusts), both of which can exeite the vehicle
vibration modes. Both horizontal and vertical wind shears are important. Gusts are modelled
cither as diserete gusts or as continuous turbulence, The diserete gust assumes the gust has a
distinctive shape and maximum velocity, A one-minns-cosine of a wavelength shape has been
applicd widely in the desizn of aireraft primarily for the evaluation of vertical gust effeets and s
being recommended for the rigid-body design analvsis of the proposed space shuttle vebicle, A
continuous turbulence model such as that recommended for the flexible body analvsis of the space
shuttle {ref. 1 is desirable for a flexible vehiele sinee this model is basically a spectrum of small-
scale gust motions which can excite the structural vibration modes. The power speetral technigues
of generalized harmonic analysis have been applied for expressing the continuous turbulenee
mnde! {ref. 1340 Tt should be noted that reference 134 was concerned with flizht under airline
conditions helow 12200 m (40000 {1}, Power spectral presentations are dependent on measure.
ments made inflicht such av determined by the Air Force ALCAT prozrams and as reported in
references 135 and 136, In general, except for limited data gathered at high altitude by aireraft
such as the XB.70 (ref. 137y the turbulence structure above 18300 m (60000 {83 is relatively
unknown.

Response of a flexible entry vehicle to turbulent atmospheric conditions can inerease struetural
loads and faticue as well as degrade the ride and flving qualities of manned vehicles. These detri-
mental effcets can be improved through the use of active mode control systems such as investigated

by the B-32 LAMS (ref. 43v and XB.70 TLAF (ref. 440 aireraft programs,

2.3.3.4 Flying (Handling) and Ride Qualities

If a pilot is an integral part of the control system loop during any portion of the entry vehicle
flicht then flving qualitics become an important consideration in the control system desian (ref.
1351, Flving qualitics do not canse interactions but may be adversely affected by interaction of
the flexible structure with the control svstem. Thus an interaction may be acceptable from a con-
trol and stability standpoint but unaceeptable from a flving qualitios viewpoint. Conversely, control
system changes to enhance flving qualitics can resnlt in an increased system bandpass and, there-
fore, greater snct‘(-ptihility to interaction,
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Flying qualities of entry vehicles (ref. 139) are usually based on aircraft specifications (refs. 140
and 141) and then evaluated in simulations with the pilot in the control loop. The specifications
are then modified as necessary for the particular vehicle and mission being planned. Reference
142 illustrates differences in requirements for lifting bodies as compared to aircraft. Flying quality
specifications have been prepared for the manual mode of the space shuttle orbiter (ref. 143).

Ride quality also is a prime consideration in the design of manned entry vehicle control systems.
The ride quality, as measured in terms of frequency and acceleration, affects both passengers and
crew. Structural flexibility can impose significant loads on the pilot which differ significantly from
those at the center of mass as seen in figure 12 for the XB-70 aircraft (ref. 137). In addition, if the
vibration frequency is in the neighborhood of the natural frequency of the human operator
(3-10 Hz), his performance can be degraded. Aircraft ride quality criteria for both lateral and
vertical vibrations are presented in reference 144.

Handling and ride qualities of flexible aircraft can be improved through the use of mode stabiliza-
tion systems such as the B-52 LAMS and XB-70 ILAF. Figure 13, from reference 45, illustrates
the reduction in measured acceleration response at the pilot’s station of the XB-70 aircraft which
results from use of the ILAF system (note: figs, 12 and 13 are for unrelated flight conditions).
Application of the LAMS and ILAF techniques in design may affect the overall vehicle configura-
tion and allow significant improvement in handling and ride qualities. These design concepts,
which are being investigated in the control configured vehicle (CCV) program (ref. 46); may be
valuable for entry vehicle design.

2.3.3.5 Pilot Inputs

Pilot inputs to the control system to perform maneuvers can induce loads on the structure which
cause deformation. Abrupt inputs can cause transient vibration response of the control surface as
well as induce elastic deformation, either of which can adversely affect interactions. Since maneu-
ver loads are highly dependent on pilot technique, they are usually determined by simulation
studies.

Phasing of pilot inputs and the response of the control system forces can result in a sustained or
divergent oscillation, referred to as pilot-induced oscillation. Oscillations of this type occur within
a frequency bandwidth of 1-2.5 Hz. Although pilot-induced oscillation is usually a rigid-body
problem such as experienced on the X-15 airplane (ref. 42) and M2-F2 lifting body (refs. 26
and 27), it can be adversely affected by structural flexibility.

2.3.3.6 Digital Autopilot Considerations

Interactions can be influenced by the use of sampled data control systems, i.e., digital autopilots
which use onboard digital computers as the major components (ref. 18). Digital autopilots have
been wused on launch vehicles such as the Titan III-C and on the Apollo spacecraft and are being
considered for the space shuttle vehicle. It is expected that these systems will find wide application
in complex entry vehicles because of the versatility afforded by the digital computer.

The autopilot sampling rate and quantization levels as well as transport delays and lags are impor-
tant parameters which can affect interaction. The sampling rate is chosen to be sufficiently high in
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Figure 13.—Effect of XB-70 ILAF on response at pilot station during light turbulance (ref. 45).

order to detect the desired frequencies; if the rate is too low, frequency aliasing (foldback) can
cause undesired effects. Aliasing is a condition in which high-frequency power in the signal is
transformed to lower frequencies. Thus, high-frequency inputs caused by structural vibration or
by noise sources may appear within the bandpass of the autopilot and may result in undesired
responses. The problem is usually remedied by filtering of input signals to the autopilot before
sampling to eliminate high-frequency content. The quantization level can also cause problems.
If a coarse quantization level is chosen, frequency information can be lost. This is particularly
important in mode stabilization systems which are based on accurately detecting the vibration
frequencies. In addition, the combination of quantization level and sampling rate can result in
frequency inputs being detected but at erroneous frequencies and amplitudes. This in turn causes
erroneous control system response which can seriously degrade operation of the vehicle or may
cause excitation of the vibration modes. For a more in-depth review of digital autopilots see
reference 145.

Digital autopilot participation in interaction is usually studied by simulation (see Section 2.3.1.1,
Vibration Mode Characteristics). A bit-by:bit simulation of a digital autopilot computer is an
invaluable aid in developing the autopilot software. This type of simulation proved its effective-
ness in the Apollo digital autopilot development program (ref. 148).
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2.3.3.7 Spin Effects

Although spin stahilization is not presently planned for use on entry vehicles, it may be considered
for unmanned vehicles since it s asimple, effective method of achieving stabilization if payload
considerations penmit. A potential interaction problem is spin resonance, which involves a coinei-
denee hetween spin rate and nataral freguencies of transverse bending modes of slender bodies.
This condition results in excessive structural deformation similar to that associated with the eritical
speeds of o rotting shaft. The phenomenon can be induced in a space environment or it may
involve acroclastic deformations. Spin resonance such as encountered in the flight of a spin-
stahilized Scont Luinch vehicle i investizated analvtically in references 147 and S, Reference
149 also presents an analvtical investization of flutter of rotating hodies,

Spin stubilization of vehicles having propellants or other liguids on board can result in dynamic
inctability if spin-stabilized about the axic of minimum moment of inertia and if energy dissipation
cansed by slosh of the liquids is improperly: considered (see ref. 25 The instability can result in
wission failure becanse of improper entry conditions or it can adversely affect the trajectories of
vehicles entering simoltanconsly, sueh as vehicles which separate prior to entry with the resnltant
possibility of collivion during entry. A problemn of this type occurred during the Apollo 7 through
11 misdons as the command module prepared for entry. Following separation from the service
module it was observed that the service module trajectory characteristies were not as predicted.
It was determined that Jongitudinal sloshing of residual propellants onboard the service module
adversely affected the vehicle, which was spin-stabilized about the longitudinal axic following
separation. Since this was not the avis of mavimum moment of inertia, energy dissipation cansed
by propettant slosh resulted in the serviee module spinning about an axis 907 to the desired axis
{ref. 1500

3. CRITERIA

The effeets of structural flevibility shall he considered in the design of control systems for entry
vehicles, The control system shall be designed to account for static structural deformation and
cither to desensitize the vehicle to structural vibration or to provide damping to the vibration,
Interactions between the flexible strueture and the control system shall be evaluated by a suitable
combination of mathematical analy<is, simulation studies, and tests, By these means, it shall be
demonctrated that there exists no divergent oscillation or other behavior, involving interaction
of the control system with structural flexibility effects of the entry vehicle, which could impair
flichtworthiness or, if the mission is manned. compromice crew safety. This demonstration shall
include an investization of the structural feedback effects on the control system acting under con-
straints imposed on the system by stability and response considerations, environment, and specified
off-nominal flicht conditions. All anticipated flight configurations and modes of operations should
be considered.

The entry vehicle control system should be designed to minimize sensitivity to changes in the
characteristios of the structure and/or control system hardware and to have sufficient inherent
versatility to handle limited changes in guidance and control requirements. Interaction effects
should not degrade flving qualitics in manned vehicles.
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3.1 Control System/Structure Interaction Analysis

Analytical studies using proven methods and mathematical models of sufficient detail and com-
plexity shall be performed to determine structural flexibility effects on the entry control system
and to demonstrate acceptable margins and compliance with system requirements and specifica-
tions. Forms of interactions known to be detrimental to satisfactory control system performance
shall be evaluated and their effects determined. At least the following interaction problems shall
be accounted for (if applicable):

® Structural Feedback
Vibration mode characteristics
Sensor location
Propellant slosh
Static instability
Resonance effects
Servoelasticity
Sensor mounting
Effector inertia

e Aeroelasticity and Thermal Effects
Thermal expansion
Effects on trim
Control surface effectiveness
Stability derivatives
Classical flutter
Stall flutter
Panel flutter
Control surface buzz

e Other Interaction Effects
Transient response problems
Pogo
Winds
Flying and ride qualities
Pilot inputs
Digital autopilot
Spin effects

In order to properly evaluate the effects of structural flexibility on the control system, the analysis
shall consider (but not be limited to) the following characteristics of the entry vehicle and its
environment:

® Control System Design
Stability margins
Control system component dynamics
Sensor location
Local deformation at sensors and actuators
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Control effector angles, rates, accelerations, and location
Thrust hardware dynamies

Digital autopilot effects

Limit cvele amplitudes

System nonlinearities

System tolerances and sensitivity

Control system changes

Component failures

o Structural Model
Vibration mode shapes, frequencies, and damping
Propellant dynamics
Structural nonlinearities
Tolerances of data
Changes in vehicle center of mass
Chianges in vehicle mass and inertial properties
Configuration changes
Characteristics of thermal protection system
Thermal effeets on structural parameters

® Acrodvnamics
Variation with Mach number
Vehicle geometry
Variation with structural deformation
High angle-of-attack-and sideslip angle effects
Unsteady flow effects
Plume and jet force interaction with flow field
Shock wave interaction
Flow separation
Acrodynamic noise
Bufft

Uncertainties in acrodynamic data

3.2 Simulation Studies

Simulation studies shall be conducted to supplement the mathematical analysis and to evaluate
nonlinear aspeets of the interaction which are difficult to model analytically. To achieve the most
realistic simulation of the actual system. as much flight hardware as feasible should be included.
System failures shall also he investigated in these simulations. If the entry vehicle is to be manually
controlled. pilot-in-the-Joop simulation studies shall be included. These simulation studies should
be used as a design tool and to demonstrate system performance, stability, and compliance with
system requirements and specifications,

3.3 Tests

A test program shall be established which verifies the estimates and assumptions made during
control system/structure interaction analysis and simulation and which verifies that the control
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system meets performance and stability requirements throughout the entire flight envelope. The
test program should be planned to insure that test data are obtained early enough in the develop-
ment cycle to benefit design decisions. Ground tests (i.e., both normal operation and operation
under system failures) shall include structural and control system component tests, vibration and
acoustic tests of realistic structure, control system operation tests, and if possible, overall system
tests of the combined structure and control system. The test plan should provide that the control
system flight tests will be made concurrently with other system flight tests. If the vehicle is to be
used for manned missions, flight test plans should insure compliance with applicable crew safety
criteria.

4. RECOMMENDED PRACTICES

Since the design of flexible entry vehicle control systems entails a series of decisions involving
such interacting disciplines as controls, guidance, computer, structures, aerodynamics, aeroelasticity
and aerothermoelasticity, thermodynamics, propulsion, and test groups, close coordination should
be established among these groups. Interchange of information and intelligent compromise on all
parameters affecting interaction should take place during the vehicle development phase. All
participating analytical, design, and test groups should be made aware of configuration and hard-
ware changes so that the effects of the changes may be evaluated from the viewpoint of each
group’s particular area of responsibility.

~ As an effective means of insuring the proper interface of design groups, it is recommended that
computerized data files be used for data storage, retrieval, and update to facilitate accurate
communication.

4.1 Control System/Structure Interaction Analysis
4.1.1 Control System Design

The control system should be capable of stabilizing or controlling the flexible structure as well
as the rigid-body modes of the entry vehicle. The basic choice of sensors, actuating equipment,
computing equipment, compensation and signal conditioning is dependent on satisfying rigid-body
stability and performance requirements; however, structural flexibility and propellant slosh effects
should be added to the analysis as soon as practical and the performance of the control system
re-evaluated. The design should be altered as necessary to provide stabilization and/or control
of the flexible structure as well as the rigid vehicle modes. It is recommended that initially the
control system be designed by assuming negligible coupling between the longitudinal and lateral-
directional dynamics.

It is recommended that linear control theory, especially time-invariant stability analysis methods,
be used for the initial control system analysis (ref. 151). Gain margins of 6 dB and phase margins
of 40° are recommended values with which to begin the linearized design. Mode stabilization -
techniques (refs. 1, 43, and 44) should be considered for reducing structural load levels, increasing '
structural fatigue life, and improving flying and ride qualities. : o
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Since the dynamic characteristics of entry vehicles change rapidly during the flight. the control
system gain values chosen to satisfy low dynamic pressure requirements may be inadequate later
in the flight. The simplest recommended procedure is to implement a preprogrammed change in
control system gains and/or filters; that is, gain or filters are changed to a predetermined value
as a function of an appropriate flight parameter such as time or dynamic pressure.

If conventional gain and phase stabilization techniques via simple filtering or attenuation are
inadequate for contralling structural responses, the following techniques should be investigated:

(1) Use of notch filters to attenuate control system response at a critical structural vibration
frequency. This technique has been applicd successfully, but its use i limited because of
the rapidly changing structural response characteristics.

(21 Use of multiple feedback sensors (ref. 1520,
(31 Usc of an adaptive control system (ref. 153).

(4% Alteration of sensor location.

Once a lincar design is completed, the effects of ponlinear elements should be investigated (ref.
154, Hard nonlinearities such as saturation, dead zones, and backlash are of particular interest
because they admit the possibility of limit evele oseillations. Quantization and finite sampling
effects of digital controllers may also exhibit this phenomenon. Deseribing function analvsic is
recommended to provide insight into nonlinear behavior and to praduce specifications for hard-
ware. The nonlinearitics deseribed by this technique should be simulated in detail after the design
is well formulated. Phase plane analysis is recommended for second-order systems to provide
insight into nonlinear behavior,

The application of statistical methods and optimal control theory to the design of vehicle control
systems (refs. 155-158 should be investigated. Methods which afford a more direct measure of
svstem performance relative to the operational requirements and/or constraints in Scction 3.1
should be given special consideration. In particular, consideration should be given to the use of
covariance analysis (ref. 159°, in which variances of state variables of the system are determined
as functions of time, to obtain a measure of the probahility of exceeding structural limits during

ﬂi{l}lt.

Optimal control methods should be considered for the design of systems which incorporate a
large array of sensors and effectors, Sinee there are a great number of possible control paths in
such a system, these methods are especially useful in providing a systematic way of determining
the cause-effect relationship of the numerous parameters for use in synthesiving the control system.
The application of optimization methods should be investigated for the design especially of load
alleviation and mode stabilization control systems (ref. 431,

4.1.2 Structural Modeling

It is recommended that the entry vehicle be modeled so as to obtain accurate and complete vehicle
vibration modes and frequencies. For some configurations (such as a body of revolution), the



vehicle can be idealized as a simple beam; for other configurations (such as winged entry ve-
hicles), the vehicle has to be appropriately idealized as a structure in six degrees of freedom.
Computation of modal vibration data by finite element computer programs such as NASTRAN
(ref. 51) is recommended. The determination of modal vibration data is reviewed in references
3 and 5.

Since entry vehicle mass, aerodynamic characteristics, and temperature distributions change
appreciably during flight, a “time slice” analysis should be employed, wherein at periodic intervals
along the trajectory pertinent to control system analysis, a complete vibration modal analysis of
the structure is performed. Vehicle parameter values, applicable at the midpoint of each such
interval, should be used to calculate vibration modes and frequencies. Time slice intervals should
be chosen short enough to reduce approximation errors to tolerable limits. Characteristics should
be obtained for as many modes as are deemed necessary to characterize adequately the structural
dynamics (refs. 3 and 17). Table 1 (Section 2.3.1.1) illustrates modal characteristics calculated for
use in aircraft vibration mode control analyses.

Selection of modes for control system analysis (ref. 3) should be made on the basis of modal gain,
which is a measure of the flexible body motion induced at a control sensor by the control force
applied by the effector. Care should be taken to insure that modes contributing to modification
of the vehicle aerodynamics are included. Convergence studies should be made to insure that no
important modes have been omitted. Higher-frequency modes whose amplitudes do not produce
significant modal gain may be ignored. However, if modal gain is low because the point under
consideration is a node or antinode, slight variations in mode shape may produce significant gains.
Both gain and mode shape should be considered before a particular mode is rejected. In addition,
the effects of configuration changes on vibration mode characteristics should be determined. The
effects of aerodynamic heating on the vibration characteristics should be ascertained, including the
degradation of modulus of elasticity by heat soak, change in stiffness patterns caused by thermal
gradients, and reduction in stiffness because of thermal transients. The structural characteristics
of the TPS should be included in subsequent vibration modal analyses.

Tolerances should be introduced into the structural model to account for uncertainties in the
vibration data. Based on experience, during the early design phase when structural data are not
well known, the control system should be designed to accommodate frequency variations of =10
percent for the first mode and =20 percent on the second through the fourth or fifth modes for
structures under standard temperature conditions. Tolerances for heated structures should be
based on correlation with results of heat tests.

The accuracy with which structural dynamic parameters can be predicted is dependent on the
model used. It is strongly recommended that, whenever possible, the mathematical model be
verified by tests, '

Since structural energy dissipation is a nonlinear function of amplitude and cannot be calculated,
values for modal damping ratio may be based on past experience. Whenever possible, linearized
modal damping estimates should be obtained from measurements made on the actual vehicle
structure excited to expected flight amplitudes. For analysis, assume a value of 0.010 to 0.015 for
the viscous damping ratio of all modes until test data is obtained.
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413 Aerodynamics

It is recommended that the distribution of normal force coefficient be determined over the body
throngl the expected angle-of attack range. Quasi-steady acrodynamics should be used to obtain
the force distribmtions whenever needed, Unsteady flow calenlations should be made for all con-
trol surfaces. The methods sumniarized in Table 2 (Section 23.2.1% are especially useful in acro-

chadtic problems and are recommended for interaction analysis.

Theoretical anadvses should be verified by wind tunnel studies when possible. Where discrepancies
evict both the theory and the teds should be re-evaluated as to accuracy. Wind tunnel studies are
eseential for determination of acradynamics at high angles of attack and sideslip angles. Modified
Newtonian theory (ref 65 is recommended for DPlant bodies for M o 5.0, caleulations shoukd be
verificd experimentally. The effects of flow field interactions: with engines and reaction jets (ref.
100" shock wave patterns and interaction with the flow ficld, flow separation, acradynamic noise
and huffet on control effectors and sensors stoald be determined if wind tunnel data are available,
Reference § and documents cited therein give details on effects of buffet and methods to minimize
the buffet conditions References 19 and 107 contain information on noise investigations of entry

vehicles

Where nontinear effects for wing-hody-tail combinations are significant, empirical methods such
as thow presented in references 109 and 110 are recommended. Data from reference 105 or data
in simsilar forins should he used.

4.2 Simulation Studies

The analvtical models developed for the aerodynamics, structure, and control system should be
incorporated i a simulation study to determine control system/structure interactions, All elements
of the control loop illustrated in figure 4 should be simulated to insure that all possible interaction
eflects are considered. The simulation should be initiated as early in the design of the vehicle as
possible. Velicle vibration modes should be included from the earliest stages of dynamic analysis.
If liquid propellants are to be used slosh modes in each propellant tank should be included in the
simnlation. Alo the dinamics of all effectors and associated actuation hardware should be in-
Auded Bedtine siilation of the operation of the system, utilizing as much of the flight or
fiehit tvpe hardware as practicall is recommended. If the vehicde s manned, the pilot should be
incorporated iu the simulation: Itis also recommended that the simmlation investigate, a< a mini-
mum the following fight events:

{13 Engine ignition

{27 Fugine shutdown

(3 Manenvering inclading hank anghe and angle-of attack transitions
(47 Deplovment of drag devices

{5 Muximuom dynamic prescure

(6 Maoimnm angle of attack and sidedip angle
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(7) Maximum temperature

(8) Maximum temperature gradient in structure

(9) Control mode switching

During further refinement of the simulation, a mathematical model should be developed which
is capable of accounting for all significant dynamic phenomena such as coupling between pitch,
roll and yaw, unsteady aerodynamic effects on lifting surfaces, flexible internal structures and
dynamic characteristics of sensors and actuators, and local flexibility effects. Provision should
be made in the simulation for changes in parameter values so that off-nominal or malfunction
conditions can be investigated (ref. 151). The effects of the highest-probability malfunctions should
be investigated to determine if modifications can be made in the nominal design to improve off-
nominal performance. The simulation should include all significant nonlinearities in both the
control system and structure. Investigations of limit cycle performance should then be carried out
to verify nonlinear analysis. In addition, the simulation should model the effects of digital com-
ponents in the control loop. Frequency aliasing due to finite sample intervals and quantization
may have important effects and should be investigated. Roundoff errors due to finite word length
as well as computer speed requirements should be investigated. Either the computer itself or an
accurate computer simulation should be included in the total system simulator so that control
system software may be tested (ref. 18). Sensitivity studies should be performed to determine the
effect of tolerances associated with the control system, the structure, and other related areas such
as aerodynamics.

4.3 Tests

Tests to determine control system and structural hardware characteristics are recommended in
the development of every vehicle (refs. 3, 5, 20-22, 160-163). It is recommended that the test
program be initiated as soon as possible, following preliminary design of the control system. Test
results should be correlated with analysis and appropriate modifications made when necessary.

Scale model tests (refs. 164-166) are recommended to aid in the development of full-scale tests, to
assess the validity of analytical models, and to provide structural data if full-scale tests are not
feasible. Static tests to determine load versus displacement characteristics can be conducted on
scale models; however, this data should be used with caution since these models are not capable
of predicting local effects accurately. Aerodynamic characteristics should be ascertained from
wind tunnel tests, particularly for flight conditions which are not amenable to analysis. The experi-
mental values should be compared to the analytical values to verify the analysis. The experimental
distributions should be incorporated in the mathematical model if analytical values are not avail-
able or cannot be determined accurately.

Ground vibration tests can also be performed on scale models (ref. 166). The results should be
correlated with extensive analysis and, whenever feasible, should be supplemented by full-scale
testing. Wind tunnel tests should be conducted to determine aeroelastic properties of the vehicle
(ref. 60). It should be ascertained that all aeroelastic models and flutter models have proper
actuator stiffness.
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Components should be teded as soon as they are available, Stutic tests for friction, hysteresis,
leakaze, and othier contribmtors to saturation deadzones and backlash should be conducted fref.
1607 Force-deflection tests should be conducted on structural components if this information is
required for mathoenmatical mode! verification. Thermal tests are expensive and difficalt to extrapo.
Late to full «oale vehicleo component teds should be conducted when temperature effects are
impartant,

Dyramic tests should he performed on control systemn gvros sensors, and actuators and their
stractural miounts to determine their freguencey response characteristios. These tests are often
accomplishe-d by nee of test stands Test stands should be developed early in the program using
simulted effector mass and inertias as well as mount elasticity, with capability pravided to vary
thewe paramcters The test stand should be used to evaluate prototvpe components as well as the
above parameters Tnaddition the resonant frequeney of the effector incnding the control surface.
actuator and backup <tructure should be established. Dynamic test stands shonld also be used
which mav utilize specially built test specimens or functional mockups of portions of the vehicle
If pocible actua! effector equipment should bie utilized as should prototype electronic packages
and feedbick censors Frequeney response tests are recommended to determine the control system
charactoristics incnding control surface rate, actuator force and hinge moment curves, and non-
Lincaritico which could resolt inc limit eveles

Rewults of component tests fwind tannel modelc fallseale component tests, eted should be incor-
porated into simmlation studics Thicis particularly important when full-seale closed loop testing
cannot bhe condieted.

Static teste shoudd Le conducted on full seale engineering models or prototvpe vehicles to verify
major Joad versne displicement characterictios. These tests are especially recommended i non-
linearitioo are bumwn to exist or if gronnd vibration tests of fullscale vehicles are not to be con-
ductad The tests shonld ohtain. ata mininmm, the elastic characteristios for the main load-carry-
ine stracture with loads applicd at the Jocation of primary masses or major attachment points.
Local structare shonld e investivated carcfully at control svstem component locations

Dynamic tests are recommended on fullseale engineering moadels. prototvpe, and/or flight hard-
ware to determine vibration modes, frequencies, and damping (ref. 30 Freefree vibration modes
shonld be ohtained whenever practicall In order that the free-free modes be properly obtained,
the vehicle should be suspended or mounted so as to reproduce, as closely as possible, the true
inflicht boundary conditions. Local response as well as overall response shonld he manitored.
espeeially at stations where important control instromentation might he located {ref 1671

Closed-Joop tests during ground vibration tests with sensors operating and hydranlics either oper-
ative or inoperative are recommended to demonstrate the dyvnamic performance of the flight
control svitem These tests are particolarhy valuable for determining the effects of structural
resomances on contral system performance and for investigating local structural nonlinearity,
Closed-oop testing with hvdrantics activated should be conducted, however, precaution should
be tiken to avold undedred responses which may occur in the absence of acrodynamic or thrust
forces when these forces are normally required for stability. This type of closed-loop test should



be considered where structural resonance of a control surface is a suspected problem. In this case,
gain and phase margins required to bring the ground test configuration to zero stability can be
determined. These values should be used to establish flight values (ref. 23).

Data from flight tests should be used to verify predictions of structure and control system inter-
action. If special inflight inputs or maneuvers are performed to evaluate interactions, provision
should be made for postlaunch evaluation of the vehicle and to allow inflight adjustments of the
control system to negate any interaction effects. Flight-test data should be compared to ground-
test results to verify ground-test procedures. Inflight tests should be conducted to verify predicted
structural response. Winged entry vehicles should undergo flight flutter testing.

4.4 Specific Recommended Practices

Extensive flight experience with aircraft, launch vehicles (vef. 1), and spacecraft (ref. 2) and
limited experience with entry vehicles have resulted in a number of specific practices and con-
siderations developed to cope with the interaction problems reviewed in Section 2.3. Since entry
vehicles may be vastly different in configuration and mission, the applicability of these practices
to a specific situation must be properly evaluated.

4.4.1 Structural Feedback
4.4.1.1 Vehicle Deformation
Vibration Mode Characteristics

The following practices are recommended:

(1) Give particular attention to important modes for control system analysis on the basis of
modal gain—the modal deflection at the control effector times the modal deformation at the
sensor location divided by the generalized mass. Higher-frequency modes whose amplitudes
do not produce significant modal gain may be neglected. However, if modal gain is low
because the point under consideration is near a node or antinode, slight variations in mode
shape may produce significant gains. Both gain and mode shape should be considered before
a particular mode is rejected.

(2) Select vibration modes that reflect static as well as dynamic deformation patterns (ref. 165).

(3) Retain vibration modes that contribute to modification of the vehicle aerodynamics. Con-
sider the coupling effects of steady and unsteady aerodynamics on the flexible and rigid-
body modes by using distributed aerodynamic loads.

(4) Determine the effects of mission events, configuration changes and aerodynamic heating on
vibration mode characteristics. Use complete vehicle modes in the interaction analysis. These
may be either analytically or experimentally determined (ref. 60).
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(5* If modal variations caused by center-of-mass variations associated with propellant expendi-
ture hecome intolerable, use propellant transfer or sequencing as appropriate to control the

conter of mass,

Sensor Location
The following practices are recommended:

(1 Within design limitations such as thermal and geometric constraints, sensor location should
be determined by consideration of the effects on control of the flexible vehicle,

(2 Insofar as possible, Jocate gyvros near the nodes and accelerometers near the antinodes of all
modes that are phase-stabilized by the control system; for modes that are gain-stabilized,
reverse the procedure, Sufficient tolerance should be provided at these locations because of
the sensitivity in predictions of small deflections and slopes. In practice, the actual place-
ment of flight control instruments will be a compromise location, neither close to nodes nor

antinndes. but rathier the location giving the best stability margins from the comsideration of

all vibration modes and within practical physical limits of suitable space in the vehicle.

(31 Consider the use of multiple sensor installations to aid in stabilization and to diminish con-
trol syvstem sensitivity to structural vibration fref. 152 Optimal control theory should be

con<idered in determining sensor locations (refl 155%

Propellant Slosh
The following practices are recommended:

(1' Include propetlunt slosh dynamics in the control system model as separate degrees of free-
dom.

(21 Use methods such as those presented in references 6 and 34 for considering propellant sloch
dyvnamics.

(3 Consideration should be given to the use of haflles to correct slosh stability problems for
both normal and off Joaded propellant requirements {ref. 7).

Static Instability
The following practices are recommended:

(1) Determine the static stability in the Jongitudinal and lateral-directional planes. 1f control
svstem gains are increased to effect better stability margins, evaluate the effect of inereased
bandwidth on structural Bexibility interactions.

(20 1f directional instability occurs, evaluate the effects of wing dibedral, which can reduce
Lateral-directional instabilities. 1 the instability occurs at high angle of attack and aero-
dyvnamic directional controls are incffective, consider the use of reaction jets for control
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(3) If unstable vehicle constraints are encountered, consider the use of fail-operational mech-
anizations to cope with the possibility of equipment failures.

4.4.1.2 Local Deformation
Resonance Effects
The following practices are recommended:

(1) Design the control system so that the flexibility of vehicle components does not cause struc-
tural feedback problems. The stiffness, inertial damping, and location of the components
should be considered (refs. 165 and 166).

(2) If the effects of a flexible vehicle component on the overall dynamics appear to be important,
add the component dynamics as separate degrees of freedom and conduct a tolerance
analysis on the component effects.

(3) Allow for structural cross-coupling in the control system design. Both stiffness and inertia
asymmetry should be assessed (refs. 165 and 166).

Servoelasticity
The following practices are recommended:

(1) Include slop in linkages, joints, and junctions in the control system design. Verify values by
tests on full-scale vehicle.

(2) Determine the coupling of structural flexibility with actuator dynamics. Use local models of
actuator backup structure.

(3) In the selection of hydraulic actuators, choose maximum velocity and maximum force capa-
bilities with respect to control system performance requirements. Do not arbitrarily put
large margins of safety on these limits, because the hydraulic system saturation character-
istics provide a limit on the amount of moment applied to the vehicle during high-frequency
oscillation,

Sensor Mounting
The following practices are recommended:

(1) When possible, the natural frequency of the sensor mounting structure should be at least
twice that of the sensor bandpass.

(2) Include sensor mounting structure in the mathematical model; slopes should be predicted
for the actual sensor locations (refs. 165 and 166).
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(31 If possible locate sensors away from massive or dynamically active components that can
canse local deformation. Consideration should also be given to the effects of local deforma-
tion due to noise, panel flntter, and buffet,

(4" Desizn sensor mounts to insure that the desired guantity is measured,

(5' Becanse local deformation frequently is a problem, consider mounting pitch and yaw gyros
separately on their respective structural neutral axes,

(6 Consider the requirements for mounting redundant sensors so that they are physically
separated but monnted to sense identieal structural deformation.
Effector Inertia
The following practices are recommended:
(17 Include effector inertia effects in the control system design (ref. 59

(20 Consider the possibility of effector and actuator dynamics coupling with the flexible struc-
ture fref 13

(3 If possible, keep the gimballed engine resonant frequency above the tail-wags-dog frequency

{ref 1.

4.42 Aeroelasticity and Thermal Effects
4,421 Static Aeroelastic Problems

Therma! Expansion

The following practices are recommended.

(1Y Consider changes in structural shape caused by heating and aeroclastic phenomena.

(2- Consider thermal expansion in the desion of control surface joints, hinges and linkages.

Effects on Trim

For design analyses, comply with the requirements of reference 114, The flexibility of the struc-
ture, including the effects of acrodynamic heating. should be included in determination of the trim
conditions.

Contro! Surface Effectiveness

Determine the control surface effectivencss and reversal speeds ineluding aerothermoelastic effects

to comply with requirements given in references 11 and 1200 Nonlinearities should be considered
and treated as diseussed in 4101
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Stability Derivatives

Use aerodynamic and structural influence coefficients (refs. 66, 118, and 119) to calculate stability
derivatives including aerothermoelastic effects. The calculated derivatives should be compared to
wind tunnel values for advanced control system design verification whenever possible.

4.4.2.2 Dynamic Aeroelastic Problems
Classical Flutter
The following practices are recommended:

(1) Determine the effects of aeroelastic analyses (refs. 12, 60, and 120) on the control surface
design through coordination with the aeroelasticians. Notify the aeroelastician of proposed
control system changes, particularly those involving control surfaces and actuation equip-
ment.

(2) If an extremely reliable automatic control system is to be implemented, consider the appli-
cation of flutter suppression techniques (refs. 123-125); include aeroelastic roots in the
control system stability analysis.

Stall Flutter
The following practices are recommended:

(1) Preliminary studies can be based on test data from reference 127 for cantilevered wings at
subsonic, transonic, and low supersonic speeds.

(2) An experimental approach to investigate stall flutter is recommended. This can include wind
tunnel studies, shock tunnel tests, and high-speed sled tests.

(3) Determine the stall flutter frequency; keep control system gain down at this frequency.
Panel Flutter

Perform analyses to insure that panel flutter does not occur in the design speed envelope. Refer-
ence 13 discusses recommended practices.

Control Surface Buzz
The following practices are recommended:

(1) Analyze buzz at both transonic and hypersonic speeds.
(2) Provide sufficient actuator stiffness to preclude buzz.

(3) Apply alleviation methods given in references 12 and 131.
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4.43 Other Interaction Effects

Transient Response Problems
The following practices are recommended:

(1t For proper consideration of the dyvnamic excitation introduced by throst transients see ref-
crence 14

—_—
(3]

Avoid cvelic firing of RCS jets at structural vibration frequencies insofar as possible: con-
sider the possibility of RCS vibration saturating senvors. Since closed-loop gain is relatively
low for RCS, filter sensorsas required.

(3" Investizmate the effects of switchover lags, actuator rate limits, coincidence of switchover
circuit, and vibration mode frequencies and other switchover phenomena on the dvnamics
of the controlled vehicle for switchover to redundant contro! systems or in blended control
systems.

(4" Determine the effects of staging or separation dynamics on the control system (ref. 15%

Pogo

If the space vehidle has significant longitundinal-lateral eross coupling, consider the pocsibility of
a control system interaction with pogo. Pogo can be investigated by methods noted in reference
16. Consider the use of filters to remove pogo oscillution inputs from sensor signals,

Winds

The following practices are recommended:
(1) Include the effeets of inflicht winds (gusts and wind shearsy in the control system design,
using methods similar to thoswe given in references 11 and 133

(2% Carnider the uve of mode stabilization control systems such asin reference 46 to jmprove
velicle performanee in turbulence,

Flying ond Ride Qualities

The following practices are recommended:

(17 Exvaluate the flving quality aspects (refs. 140 and 143+ of the control system in simulations
with pilotin the loop,
(2: Applvride quality eriteria presented in reference 144

(3¢ Condder the uee of mode stubilization control svstems fref. 46° to improve flving and ride
qualitics.
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Pilot Inputs

The following practices are recommended:

(1) If a manual control mode is to be used, include the pilot in the simulation of the control
system with flexible-body dynamics. Evaluate the effects of control maneuvers commanded
by the pilot (ref. 11).

(2) Consider the possibility of pilot-induced oscillations, particularly for marginally stable or
lightly damped control modes between 1 and 2.5 Hz.

Digital Autopilot Considerations
The following practices are recommended:
(1) In general, consider the effects of input and output quantization increments on vibration

mode response (ref. 145).

(2) Consider the effect of frequency aliasing (sampling rate problem) on vibration mode
stability.

(3) Filter rate gyro and accelerometer signals before sampling to eliminate potential problem
of noise folding down into structural mode regime.
Spin Effects
The following practices are recommended:

(1) Use analysis methods as given in references 147-149 to evaluate spin resonance effects.
Recommended practices are given in reference 2.

(2) Determine the effects of energy dissipation, such as caused by propellant slosh, on the
dynamics of entry vehicles spin-stabilized about the axis of minimum moment of inertia.
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Effects of Structural Flexibility on Spacecraft Control Systems, April 1969

Magnetic Fields—Earth and Extraterrestrial, March 1969
Spacecraft Magnetic Torques, March 1969

Buckling of Thin-Walled Truncated Cones, September 1968
Mars Surface Models (1968), May 1969

Models of Earth’s Atmosphere (120 to 1000 km), May 1969
Staging Loads, February 1969

Lunar Surface Models, May 1969

Spacecraft Gravitational Torques, May 1969

Solid Rocket Motor Metal Cases, April 1970

Spacecraft Star Trackers, July 1970
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SP.8027 {Cuidance and
Control)

SP.-§028 {Guidance and
Controld

SP-8029 (Structures)

SP-8030 Structures)
SP-803] (Structures)
SP.SN32 {Structures)

SP-8033 {Cuidance and
Contral)

SP.-S034 CGuidance and
Controht

SP-S035 (Structures)

SP.S036 [Guidance and
Control)

SP-8037 (Fnvironment)
SP-S03S Enviranment)

SP-$039 (Chemical

Propulsion)
SP-SN40 {Structures)
SP-§041 (Chemical

Propulion)

SP-8042 {Structures)

SP.80.473 {Structuresh
SP-8044 IStructurest
SP-8045 (Structures)
SP-S046 /Structures)

SP-S047 (Guidance and
Contrald

SP.S04S IChemical
Pmpn!\inn\

SP-S049 {Fuvironment)
SP-S050 /Stiueturesh
SP.S0%1 {ChLemical

Propulsion)

Spacecraft Radiation Torques, October 1969
Fotry Vehiele Control, November 1969

Acrodvnamic and Rocket-Fxhanst Heating During Launch and Ascent, May
1969

Transient Loads From Thrust Excitation, February 1969
Sloch Suppression, May 1969

Buckling of Thin-Walled Donbly Curved Shells, Augnast 1969
Spacecraft Farth Horizon Sensors, December 1969

Spacecraft Mass Fapukion Torques, December 1969

Wind Loads During Ascent, June 1970

Fffects of Structural Flexibility on Launch Vehicle Control Systems, Febroary
1970

Assessment and Control of Spacecraft Magnetie Fields, September 1970

Meteoroid Environment Model—1970 fInterplanetary and Planetany),
October 1970

Solid Rocket Motor Performance Analysis and Piediction, May 1971

Fracture Control of Metallic Pressure Vessels, May 1970

Captive-Fired Testing of Solid Racket Motars, March 1971

Meteoroid Damage Assessment, Mav 1970

Design-Development Testing, May 1970

Qualification Testing, May 1970

Aceeptanee Testing, April 1970

Landing Impact Attenuation For Non-Surface-Plining Landers, April 1970
Sparecraft Sun Sensors, June 1970

Liquid Racket Engine Turbopump Bearings, March 1971

The FEarth's Tonosphere, Mareh 1971
Structural Vibration Prediction, June 1970

Solid Rocket Mator Tgniters, Mareh 1971
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SP-8052 (Chemical
Propulsion)

SP-8053 (Structures)

SP-8054 (Structures)

SP-8055 (Structures)

SP-8056 (Structures)

SP-8057 (Structures)
(

SP-8058 (Guidance and
Control)

SP-8059 (Guidance and

Control)
SP-8060 (Structures)
SP-8061 (Structures)
SP-8062 (Structures)
SP-8063 (Structures)

SP-8064 (Chemical
Propulsion)

SP-8065 (Guidance and
Control)
SP-8066 (Structures)
SP-8067 (Environment)
SP-8068 (Structures)

SP-8069 (Environment)
SP-8070 (Guidance and
Control)

SP-8071 (Guidance and
Control)

SP-8072 (Structures)

SP-8074 (Guidance and
Control)

SP-8077 (Structures)

SP-8078 (Guidance and
Control)

SP-8079 (Structures)
SP-8082 (Structures)

Liquid Rocket Engine Turbopump Inducers, May 1971

Nuclear and Space Radiation Effects on Materials, June 1970

Space Radiation Protection, June 1970

Prevention of Coupled Structure-Propulsion Instability (Pogo), October 1970
Flight Separation Mechanisms, October 1970

Structural Design Criteria Applicable to a Space Shuttle, January 1971

Spacecraft Aerodynamic Torques, January 1971
Spacecraft Attitude Control Daring Thrusting Maneuvers, February 1971

Compartment Venting, November 1970
Interaction With Umbilicals and Launch Stand, August 1970
Entry Gasdynamic Heating, January 1971

Lubrication, Friction, and Wear, June 1971

Solid Propellant Selection and Characterization, June 1971

Tubular Spacecraft Booms (Extendible, Reel Stored), February 1971

Deployable Aerodynamic Deceleration Systems, June 1971
Earth Albedo and Emitted Radiation, July 1971
Buckling Strength of Structural Plates, June 1971

The Planet Jupiter (1970), December 1971

Spaceborne Digital Computer Systems, March 1971
Passive Gravity-Gradient Libration Dampers, February 1971

Acoustic Loads Generated by the Propulsion System, June 1971
Spacecraft Solar Cell Arrays, May 1971

Transportation and Handling Loads, September 1971

Spaceborne Electronic Imaging Systems, June 1971

Structural Interaction With Control Systems, November 1971

Stress-Corrosion Cracking in Metals, August 1971
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SP.8§084 (Fnviranment)
SP-S05% { Environment)

SP.5056 {Guidance
and Control)

SP.S095 {Structures?

SP.S092 {Fovironment)

Surfuce Atmospheric Extremes (Launch and Transportation Areasy, May 1972
The Planet Mercury (19710, March 1972

Space Vehicle Displavs Design Criteria, March 1972
Prcliminary Criteria for the Fracture Control of Space Shuttle Structures,
June 1971

Assessment and Control of Spacecraft Flectromagnetic Interference, June 1972
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